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Preformed particle gels (PPG) has been successfully applied to combat the water 
channeling caused by fractures or fracture-like channels. Understanding the placement and 
plugging of PPG in fractures is crucial for gel treatment design. The objective of the 
dissertation is to explore the plugging performance of three PPG products in two types of 
fracture models, the partially and fully open fractures. The following studies has been 
conducted and conclusions have been drawn based on the results and analysis. First, the 
placement and plugging performance of conventional PPG was investigated using core 
flooding experiments conducted partially open fractures. The plugging efficiency of PPG 
was revealed to be greater in this specific type of fractures than the treatment conducted in 
fully open fractures. Second, supplementary core flooding experiments were performed to 
study the effect of fracture dimensions, matrix permeability, and residual oil on the PPG 
behaviors in partially open fractures. The dehydration of placed PPG positively related to 
the placement volume in fracture volume. Third, a novel CO2-responsive preformed 
particle gel (CR-PPG) was examined using swelling tests to characterize the CO2-
responsive swelling and using supercritical CO2 flooding to evaluate the CO2-plugging 
performance in open fractures. The CR-PPG could effectively plug CO2 and achieved a 
significant residual resistance factor. Finally, a novel re-crosslinkable preformed particle 
gel (RPPG) was evaluated as an agent specifically designed for healing large fractures. The 
evaluation of oxidizing breakers for the re-crosslinked RPPG was provided. Among the 
tested breakers, NaOH-activated Na2S2O8 was most effective one with relatively wider 
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1.1. STATEMENT OF THE PROBLEM 
The global crude oil demand showed an increment in the past five years and is 
forecasted to continuously increase through the following years [1]. This incremental 
demand requires a higher oil recovery from the mature reservoirs, which have considerable 
amount of oil remains unswept by the flooding processes. The fractures or fracture-like 
features, as a major cause of reservoir heterogeneity, can lead to severe water channeling; 
thus, they may result in a low sweep efficiency and then a low oil recovery [2]. Gel 
treatment is a typical enhanced oil recovery (EOR) technology that is effective for 
improving the oil recovery in mature reservoirs with fractures or fracture-like features. The 
mechanism of gel treatment is that it can plug or significantly reduce the permeability of 
fractures, and decrease the permeability contrast in the formation; thus, the water flow 
preference through the fractures is diminished and water channeling is reduced. As a result, 
the water sweep efficiency and oil recovery are improved.  
As a representative type of gel for conformance control purpose, preformed particle 
gel (PPG) is designed to overcome some inherent drawbacks of in-situ gels, such as the 
change of gelant composition during placement, gelation uncertainty and uncontrollability 
[3]. PPG has been proven to be effective for combatting the water channeling problems 
caused by fractures or fracture-like features [4]. An improperly designed PPG treatment 
may lead to low oil recovery improvement, as well as oil productivity damage. Therefore, 
it is important to understand the behaviors of PPG during placement and plugging in 
fractures. A few researches have been conducted to study the PPG behavior in the models 
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that were designed to simulate the fracture-like features, such as transparent fracture 
models and void-space conduits [5, 6]. 
In this dissertation, the placement and plugging performance of PPG in the fractures 
are further investigated. Two types of models, fully open fractures and partially open 
fractures, were employed to simulate fractures in reservoirs. Besides the conventional PPG, 
two kinds of newly developed PPG products, CO2-responsive preformed particle gel (CR-
PPG) and re-crosslinkable preformed particle gel (RPPG), were evaluated as agents that 
were designed for healing fractures.  
1.2. RESEARCH OBJECTIVES AND SCOPE 
The objective of this dissertation is to investigate the placement, dehydration, and 
plugging performance of three types of PPGs in different fracture models. The objective 
can be specified as following:  
a. Characterize the placement, dehydration, and plugging behaviors of PPG in 
partially open fractures. Compare the difference of PPG behaviors in fully and 
partially open fractures.  
b. Investigate the effect of multiple factors, including gel placing pressure, fracture 
dimensions, matrix permeability, and residual oil on the PPG treatment in partially 
open fractures.  
c. Evaluate the CO2-responsive swelling behavior of a novel CR-PPG using vessel 
tests. Study the plugging performance of CR-PPG to supercritical CO2 flow in open 
fractures using core flooding experiments.  
d. Comprehensively evaluate a novel RPPG that was designed for water-plugging in 
  
3 
large void-space fractures. Select and evaluate oxidizing breakers that are effective 
for RPPG degradation. The effect of several influencing factors, including breaker 
concentration, temperature, and gel concentration will be examined.  
The objectives have been approached mainly by conducting physical-simulation 
experiments and analyzing experimental data. Based on the observation, experimental data, 
and analysis, four research articles have been completed:  
a. The first paper focuses on the placement, dehydration, and plugging behaviors of 
PPG in fractures with tips (partially open fractures). In the paper, core flooding 
experiments were conducted in sandstone cores that were constructed into partially 
and fully open fractures. The behaviors of PPG in partially open fractures were 
characterized by a comparison with that in fully open fractures. The dehydration of 
placed PPG were quantified by re-swelling experiments and analyzed along the 
fracture. The plugging performance of PPG in partially open fractures was also 
investigated.  
b. The second paper continues to explore the PPG behaviors in partially open fractures. 
The study investigated the effect of influencing factors, including fracture length, 
fracture aperture, matrix permeability, and residual oil, on the PPG placement and 
plugging. The study found that all the factors except fracture length affected the 
PPG placement volume in fracture volume. In addition, the factors except fracture 
aperture affected the calculated residual resistance factor of PPG treatment. It is 
also stated that the dehydration level of placed PPG had a positive relationship with 




c. The third paper is based on an evaluation of CR-PPG. In the paper, the CR-PPG 
was swollen in water and water-CO2 conditions to characterize its CO2-responsive 
swelling behavior. It is found that the water-swollen CR-PPG could swell 
additional times with the presence of CO2. Core flooding experiments and results 
are also provided in the paper to evaluate the CO2 plugging performance. According 
to the results, the CR-PPG effectively plugged the supercritical CO2 in open 
fractures, and performed a strong resistance to CO2 flow even after breakthrough.  
d. The fourth paper aims at selecting and evaluating the oxidizing breakers for the re-
crosslinked RPPG, because the gel has potential to plug facilities or damage 
formation if a treatment is not properly designed. NaClO, Ca(ClO)2, heat-activated 
Na2S2O8, and NaOH-activated Na2S2O8 were examined as breaker candidates. The 
experiments were conducted by recording the weight change of re-crosslinked 
RPPG that was immersed in breaker solution. According to the weight change and 
appearance change, the effectiveness of breakers was analyzed. A comprehensive 





2. LITERATURE REVIEW 
2.1. OIL RECOVERY IN RESERVOIRS WITH FRACTURES 
There are more 100 naturally fractured reservoirs in the United States and more in 
the other countries in the world [7]. These reservoirs may hold 25% to 30% of world total 
oil storage [8]. Recovering the oil from the reservoirs with fractures has been a critical 
topic for the whole industry in past several decades. However, the fractures or fracture 
systems may cause significant challenges, such as water channeling, to the flooding 
processes. Many approaches have been made to conquer these challenges. This subsection 
will provide the information of the problem caused by fractures and studies that intend to 
solve the problems.  
 Problem Caused by Fractures. With the proper dimensions and orientation, 
fractures can enhance reservoir productivity and injectivity without negatively affecting 
the sweep efficiency of flooding fluids [9]. However, more frequently, fractures or fracture-
like features, such as high-permeability streaks, void-space conduits, which have 
significantly higher permeabilities compared with the porous matrix, are considered as a 
significant challenge for the flooding processes. The injected fluids have a strong 
preference to flow through these high-permeability features. Thus, the fluids have a great 
opportunity to bypass the areas with a lower permeability but a much higher oil saturation. 
The behavior, termed water channeling, will usually result in a low oil recovery and 
excessive water production, which make the flooding processes inefficient and 
uneconomic. The following Figure 2.1 demonstrates the water channeling caused by 
fractures or fracture-like channels.  
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Figure 2.1. Water channeling caused by fractures or fracture-like channels. 
 
 
 Introduction of Gel Treatment. Gel treatment is reported as one of the most 
effective technologies to combat water channeling problem caused by fractures or fracture-
like features [10]. On the other hand, some of the most successful gel treatments are also 
applied for reducing the channeling problem in the reservoirs with fractures [11]. The 
mechanisms of gels healing fractures majorly include plugging the fractures and 
significantly reducing the fracture permeability. The placed gel is expected to divert the 
displacing fluids to the unswept zones and improve the oil recovery in these locations.  
One idealized situation is that the injected gel completely fill the fracture space and 
divert the flooding fluids to the adjacent matrix. This is proven by Ganguly et al. [12] by 
injecting a polyacrylamide-chromium acetate gel into a constructed fracture model. They 
reported that the gel could fill the fracture and form relatively immobile gel bank that can 
resist water flow. An evidence for the complete plugging was that no water production was 




The other mechanism of the gel treatment in fractures is reducing the fracture 
permeability. This behavior occurs when the injected gel do not completely fill the fracture 
and water flow path (wormhole) forms in the gel-placed fracture. The causes of the 
wormhole formation usually include that the placed gel do not initially occupy all the 
fracture space, gel shrinks after placement, or the placed gel is broken through by the post-
gel water. However, even after being broken through, the gel remains in the fractures can 
reduce the fracture permeability from a few thousand Darcy to as low as 0.2 milliDarcy 
[13]. Thus, the fracture may have a permeability comparable to or even lower than the 
porous matrix, thus, heal the permeability contrast caused by fractures.  
Considering that the fractures are usually important to hydrocarbon fluid flow, 
concerns have been raised that whether the plugging of fracture will lead to a hydrocarbon 
productivity reduction. Some conformance gels are reported to have a property of 
disproportional permeability reduction, which refers to that some gels decrease the 
permeability to water more than to hydrocarbon fluids. Seright [13] tested the permeability 
of water and oil respectively in a fractured core after the placed Cr(Ⅲ)-acetate-HPAM gel 
had been broken through. His results show that permeability to water flow was above three 
times higher than the oil permeability. Thus, the oil would meet much less resistance when 
flowing in the gel treated fractures.  
2.2. BACKGROUND OF GELS FOR CONFORMANCE CONTROL 
 This subsection will provide some background information of the conformance 
control gels. The gels are usually classified based on its formulation, property, and 
application. The two major categories are in-situ gels and preformed gels.  
  
8 
 In-Situ Gels. In-situ gels are usually composed of polymer/monomer, 
crosslinker, and other additives. These components are injected as a system to the 
formation and gelate in situ to form gel with a three-dimension-network microstructure. 
There are several ways to classify the in-situ gels. They are primarily categorized into 
polymer gels and monomer gels according to their main component. The in-situ polymer 
gels are usually categorized according to its gel strength and crosslinker type. Based on the 
range of gel strength, which is represented by viscosity, the polymer gels are classified into 
bulk gels and weak gels [14]. The bulk gels usually have a viscosity higher than 30000 cp, 
while the weak gels have a viscosity between 100 to 10000 cp. Another classification 
method categorized the polymer gels into polyacrylamide gels, synthetic polymer gels, and 
natural polymer gels, according to the type of polymer used for gel synthesis. The third 
classification method, which will be detailed discussed in this literature review, is based 
on the crosslinker type of polymer gels. This method classifies the in-situ polymer gels into 
inorganically crosslinked gels, organically crosslinked gels, and gels with composite 
crosslinkers.  
2.2.1.1. Inorganically crosslinked polymer gels. The effective inorganic 
crosslinkers mainly include the multivalent metal ions, such as Al3+, Cr3+, Cr6+, Fe3+, and 
Zr4+. These ions exist as simple ions or combined with other small inorganic or organic 
chemicals as soluble complexes in the solutions. When being added to polymer solution, 
the metal ions can react with the carboxyl group (-COOH) on the polymer chain. When 
metal ion-carboxyl groups further associates with another carboxyl group on the same or 
different polymer chain, intermolecular crosslinks will be initiated. Intermolecular 
crosslinks build up and form a 3D network if the concentration of metal ion-carboxyl 
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groups is higher than or equal to the critical overlap concentration [15]. It is reported that 
this 3D network structure is effective to block the water intends to flow through it.  
The milestone of inorganically crosslinked in-situ polymer gel is the invention of a 
Cr(Ⅲ)-acetate-HPAM gel system, by Sydansk from Marathon Oil Company, in the year 
of 1984 [16]. A significant advantage of this in-situ gel is the controllable gelation time, 
benefiting from the relatively balanced attraction force on the Cr(ΙΙΙ) from both the 
crosslinker and the polymer chain, which slows down the crosslinking reaction rate. The 
controllable gelation time is crucial for placing the gelant into the deep reservoir. The other 
advantages of the gel are the insensitivity to the pH from 2 to 12.5, resistance to chemical 
interference, and the modifiable gel property by changing the molecular weight of 
employed HPAM [17, 18].  
2.2.1.2. Organically crosslinked polymer gels. Chang et al. reported the synthesis 
of a polyacrylamide based gel by using organic phenolic compounds and formaldehyde as 
crosslinkers [19]. The gelation among the components of this gel can be triggered by pH 
of 9. However, this gel system was tested to be sensitive to salinity and the gelation did not 
initiate when the pH was lower than 7.5 [20]. Falk [21] reported another organically 
crosslinked gel that used phenol and formaldehyde. It is introduced that the gelation of this 
gel system was initiated by temperature above 50 °C, and preferably below 100 °C. 
Significantly different from the former gel system, the gelation of this gel could be 
accelerated by reducing the pH to about 5. However, using phenol compounds as a 
crosslinker may result in a high toxicity concern.  
Moradi-Araghi [22] from Phillips Petroleum Co. successfully applied compounds 
contained aspirin, anthranilic acid, and phenyl salicylate to replace the phenol. He used the 
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foresaid crosslinkers and hexamethylenetetramine (HMTA) to synthesize an acrylamide-
based gel. This gel was tested to have a favorable thermal stability that the gel remained 
stable under 121 °C for more than 3 years, and a controllable gelation rate that the gelation 
time was controlled in between 10 to 60 days.  
2.2.1.3. Composite crosslinked gels. Zhang et al. [23] reported the synthesis of a 
gel with poly (acrylamide/ 2-Acrylamido-2-methylpropane sulfonic acid (AMPS)), Cr(ΙΙΙ), 
organic resin, and additives. The gel was proven to be stable with a temperature of 90 °C 
and a salinity of 150000 mg/L.  
 Preformed Gels. The in-situ gelant have many inherent drawbacks, such as 
uncertainty of gelation in reservoir conditions, change of gelant compositions, dilution by 
formation fluids, and poor gelation time and level control [24-26]. To overcome the 
challenges, preformed gels that are formed in the ground facilities have attracted plenty of 
attention. A commonly used definition of preformed gel is the gel in a state that does not 
flow into or through the porous rock, including the weak gel, rigid gel, and gel dispersion 
system [27]. The preformed gels can be classified into preformed bulk gels, preformed 
particles gels, microgels, and nano- or submicro-size gels, based on their size.  
2.2.2.1. Preformed bulk (in-situ) gels. The preformed bulk gels usually have a 
similar formulation to the in-situ gelants. The difference is that these gels are crosslinked 
before being injected. Because the preformed bulk gels formed in an artificial environment, 
their formula can be even simpler than the commonly used in-situ gel, by leaving out many 
additives for controlling the gelation process. Compared with the immature in-situ gels, the 
preformed bulk gels are mostly employed to plug fractures or fracture-like channels in the 
reservoirs, due to its high viscosity and incapability to penetrate into porous media [2]. 
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Ideally, the injected preformed bulk gel can fill the high-permeability fractures or fracture-
like channels as an integrity, and heal the permeability contrast. According to the results of 
tracer experiments conducted in fractured cores, Seright [9] identified that the preformed 
gel improved the water sweep efficiency much more than the gelant that was formed in the 
fractures.  
2.2.2.2. Preformed particle gels. Preformed particle gels are usually synthesized 
with a monomer, such as acrylamide, a crosslinker, an initiator, and other additives [6]. 
The gel is synthesized in the ground facilities, dried, ground into fine particles, then the 
particles with desirable size are selected by sieving. The size of PPGs ranges from 
micrometer to centimeter. Compared with in-situ gels, PPGs have the following 
advantages: (1) they are more stable with the reservoir minerals and different salinities; (2) 
PPGs only have one component during injection, so it’s more stable and environmentally 
friendly; (3) due to its relatively less sensitivity to water salinity, some PPGs can be swollen 
using formation water in the field [28]. Dura'n-Valencia et al. [29] synthesized a PPG with 
acrylamide, vinylpyrrolidone, 2-acrylamido-2-methylpropane sulfonic sodium salt as the 
monomers, and an N,N-methylenebis as the crosslinker. They reported that the synthesized 
PPG was stable in a harsh oil reservoir condition with a temperature of 130 ºC and a salinity 
of 255000 ppm in TDS.  
The PPG can be injected to the fractures and provide considerable plugging to the 
area by (1) the tight gel pack, (2) the gel filter cake on the matrix surface, and (3) the slight 
gel penetration into the porous rock [30]. The studies that will be described and analyzed 
in this dissertation are mainly focused on PPG products. Bai et al. [4] and Qiu et al. [31] 
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reported that over 10,000 wells have been treated with millimeter-sized preformed particle 
gels during water flooding or polymer flooding processes.  
2.2.2.3. Microgels. Microgels usually refer to the preformed gels that in a 
micrometer level size range. Abdulbaki et al. [32] divided microgels into temperature-
sensitive microgels, pH-sensitive polymer microgels, and colloidal dispersed gels.  
Among the three typical microgels, the temperature-sensitive microgels, also 
known as Bright Water, was developed by BP, Chevron, Texaco, and Nalco in an industry 
project consortium [33]. In the patent, the desirable components of the gel include AMPS 
as the polymer, polyethyleneglycol diacrylate as the labile crosslinker, and methylene 
bisacrylamide as the non-labile crosslinker. It is reported that the Bright Water, which has 
a low viscosity and significantly small gel particle size, can achieve a desirable injectivity 
[32]. When certain temperature is reached, the labile crosslinker degrades and results in the 
expansion of particle size. Thus, the microgel particles with a greater size can provide a 
better plugging performance to the pore throat [34].  
2.2.2.4. Nano- or submicro-size gels. Nano-size gels, also termed nanogels was a 
heated topic for the oil recovery enhancement. The mechanisms of nanogels for oil 
recovery enhancement include rock wettability alternation, oil displacement by disjoining 
pressure, interfacial tension reduction, and emulsion and foam stabilization [35]. Geng et 
al. [36] synthesized a nanogel with acrylamide and an AMPS corresponding sodium salt 
(AMPS-Na). They tested the oil recovery capability of this gel in homogeneous sandstone 
cores. It is reported that the AMPS-Na based nanogel improved the oil recovery by 40% 
during the gel injection and post-gel water flooding.  
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2.3. BEHAVIORS OF GELS IN FRACTURES OR FRACTURE-LIKE CHANNELS 
The particular properties that target on some specific situations are important to 
most of the successfully applied gel products. For instance, a CO2-neutralized β-1,3-
polyglucan biopolymer developed by the University of Kansas, also known as the KUSP1-
CO2 system, has a CO2-resistance property that enabled it to be long-termly stable under a 
supercritical CO2 (scCO2) condition, which is a very demanding situation to conventional 
gels, due to its high pressure gradient, low pH, and dehydration [37, 38]. However, the 
specifically designed properties are not enough to guarantee the success of gel treatments. 
Understanding the behaviors of gels and modifying the gel’s property or gel treatment 
operations based on the behaviors can significantly improve the success rate and efficiency 
of the treatment jobs. In this subsection, the behaviors of gels for conformance control (in-
situ gels and preformed particle gels) during gel treatments, including placement (injection), 
dehydration, washout, and plugging, will be described and summarized according to the 
existing literatures.  
 Placement and Dehydration of In-Situ Gels in Fractures. The in-situ gels 
are usually injected in two conditions: immature gel (gelant) or mature (preformed) gel. In-
situ gels in both conditions have been verified effective for reducing the permeability of 
fractures or even fully block them [39]. However, due to the significant difference in both 
their physical or chemical properties, the gelant and preformed gel show different 
behaviors during the placement and after the placement.  
The in-situ gelant, which is usually freshly prepared with a polymer and a 
crosslinker, appears like a viscous liquid. It has a lower viscosity and smaller particle size 
compared with the preformed bulk gel. The gelant can be injected to the fractures or 
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fracture-like channels from a pump, and through the tubings or even formation matrix. 
Ideally, the gelant will fill the fracture space and store in it, when certain gelation time and 
conditions are reached, it will crosslink to form a gel. Ganguly et al. [12] investigate the 
placement and propagation of chromium-acetate-HPAM gelant through the fractured slabs 
and cores, which had a permeability matrix for leakoff. It is observed that the gelant 
injected in the early stage became immobile when the injection was still continuing. The 
gelant injected in the later stage made and flew through the wormholes created in the 
formed gel. The causes of immobilization of the gelant that was injected during the early 
stage majorly include the crosslinking process and the leakoff through permeability matrix 
adjunct to the fracture [10].  
The leakoff of both solvent, also known as dehydration when the solvent is brine, 
and gelant component have drawn plenty of attention. The leakoff has multiple effects on 
gelant treatment. Different opinions exist upon the effect of leakoff on gelant treatment. 
The leakoff from the gelant was reported helpful to sweep the oil in unswept zones, thus, 
increased the oil recovery [40]. By comparing the gelant placement in fractured cores with 
and without leakoff, Lane and Seright [10] found that the leakoff helped to keep the 
chromium concentration at 80% to 90% of the initial value in the fractures, which enabled 
the gelation of the injected gelant and made the gel treatment effective. However, it is also 
believed that the leakoff of gelant components can lead to difficulties for the gelation 
process, poor long-term stability, and environmental concerns because of harmful gelant 
component. Bai et al. [41] reported that the leakoff caused by gravity force significantly 
decreased the chromium concentration at the bottom of a fracture, because the gelant could 
directly leakoff into the porous matrix without passing a flow-resistant layer formed by gel. 
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Therefore, the gelant at the bottom had a lower viscosity and easier to flow through the 
fracture, which was suggested unfavorable for the gel treatment. Moreover, with leakoff, 
the injected gelant became more viscous and immobile, thus, more pressure gradient was 
needed to propagate the gelant through the fractures [12].  
Many factors were revealed to affect the gelant leakoff. By performing 
mathematical equation derivation and laboratory experiments, Liang et al. [42] argued that 
the chromium-acetate-HPAM gelant penetration and leakoff was in a much lower level in 
a fractured formation than in an un-fractured formation. They found that limited 
productivity loss would be caused by the gelant penetration and leakoff, thus, led to a high 
opportunity for successful treatments. Bai et al. [43] reported that the fracture width 
affected the gelant placement significantly. According to their experimental results, they 
found that the decrease of fracture width/aperture would increment the gelant leakoff. As 
a result, the gelant became more viscous and needed a higher pressure gradient to propagate 
through the fractures. On the other hand, it is found that the change of matrix permeability 
might increase the gelant leakoff but not necessarily affected the injection pressure gradient 
evidently. Seright [44] studied the selective penetration of gelant into zones with different 
permeabilities used mathematical derivation and calculation. He revealed that the linear 
coreflooding models dramatically increased the gelant volume that penetrated into high-
permeability zones compared to low-permeability zones, which was not authentic in radial 
flows. Therefore, it is suggested that the parallel linear corefloodings should not be used 
for estimate the profile modification that might happen in the radial flow systems without 
zone isolations.  
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 Placement and Dehydration of Preformed Bulk (In-Situ) Gels. Preformed 
bulk gel is prepared from the gelant aged for a time period that longer than the gelation 
time. The bulk gel is over 100 times more viscous than gelant [10]. Due to the high 
viscosity, considerable pressure gradient is needed to propagate bulk gel through the 
fractures or fracture-like channels [10]. The bulk gel is deformed during the propagation. 
It is reported that the penetration of bulk gel into the porous matrix is very slowly and 
negligible [9]. Similar to the gelant placement, leakoff also happens during the placement. 
Because the bulk gel has a single component, the leakoff mostly happens to the water in 
the gel, which is more accurately termed dehydration, without making the gel components 
disproportional. This is also a reason why deploying preformed bulk gel is a favorable 
approach to minimize the leakoff of gelant during treatments [27].   
Lane and Seright [10] reported that the injection pressure gradient was insensitive 
to the injection rate when it exceeded the minimum pressure gradient to propagate the gel. 
Similarly, the well pressure for injecting the gel would not change significantly when the 
injection rate varied. Moreover, the pressure gradient for bulk gel propagation was found 
disproportional to the injection rates, referring to a “slip” effect at the high injection rates 
[27]. It is suggested that the gel injection pressure gradient has a positive relationship with 
its elastic modulus, based on the finding that the pressure gradient and elastic modulus both 
had a linear relationship with the HPAM concentration [45]. In addition, the gravity force 
has negligible effect on the placement of gel, because the viscous force is much more 
dominant [9]. The fracture opening dimensions, especially the fracture aperture/width, 
affect the bulk gel placement considerably. By injecting preformed chromium-acetate-
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HPAM through fractured cores, Seright [46] concluded that the reduction of fracture width 
could increase the dehydration of injected gel.  
The driving force of dehydration is the pressure difference between fracture and 
porous matrix [47]. The capillary pressure in limestone and sandstone is also reported to 
be strong enough for dehydrating bulk gels [39]. The dehydration of gel can significantly 
decrease the propagation rate through fractures, because of the gel volume decrease and 
viscosity increase [27]. With numerical analysis, Seright [27] stated that the dehydration 
of bulk gel was helpful to weaken the penetration into matrix. This finding is also 
explainable based on experimental observation that the dehydrated gel formed a layer of 
gel filter cake, which had a high resistance to the water flow, thus, the gel penetration is 
significantly decreased in this area [46]. According to the same literature, due to the “slip” 
effect introduced previously, the gel dehydration was found independent with the injection 
superficial velocity, when the injection pressure gradient exceeded the minimum value for 
propagation. Seright [47] built an equation to predict the dehydration of preformed bulk 
gel as a function of time in fracture, and found the equation matched with the replotted 
experimental data. According to his equation and analysis, it is suggested that the highest 
practical gel injection rate should be applied to minimize the dehydration and maximize 
the propagation distance of gel through fractures.  
 Placement and Dehydration of Preformed Particle Gels. Swollen 
preformed particle gel, prepared with swelling dried, ground preformed bulk gel, has a 
different behavior from immature or mature in-situ gel during the placement [3]. Wang and 
Bai [30] performed PPG core flooding experiments through the fracture constructed in 
Berea sandstone cores to characterize the PPG placement. They described the behavior of 
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PPG placement in fully open fractures, which were the fractures with uniform opening size 
and an open outlet, as following: the PPG propagated through fractures with a significant 
injection pressure. The injection pressure increased rapidly in the beginning state and 
waved in the following stages because of the pressure release led by PPG extrusion at 
outlet. The injected PPG was found dehydrated during the injection process. A layer of 
immobile gel filter cake was formed on the fracture surface.  
Many specifically designed models have been used for physically simulating the 
fractures in reservoirs. Zhang et al. [48] studied the PPG transport behavior through screen 
models and open fractures made with transparent acrylic sheets (without leakage). They 
reported that the PPG injection pressure increase became less evident at the high injection 
rates, which indicating the shear-thinning property of injection gel. In addition, in both 
screen model and open fracture model, it is revealed that the PPG injection pressure 
increased with the increase of salinity of the brine for preparing PPG, with the increase of 
PPG particle size and the decrease of fracture width or pore diameter. In another literature 
using open fracture constructed with transparent acrylic sheets without leakage, it is 
reported that the PPG front propagated in a piston-like way to the outlet [6]. Farag et al. 
[49] also used a transparent model to visibly study the placement of PPG in open fractures. 
The difference of their model to the previous model was that a permeable rock was 
embedded in the model, which enable the injected material to leakoff through the rock. The 
transparent open fracture model with leakoff is shown in Figure 2.2. They observed that 
the PPG majorly propagated through the fracture without evidently entering the matrix 
(permeable rock). Imqam et al. [50] used stainless steel tubes to simulate the void space 
conduits in reservoirs. They reported that the PPG injection pressure increased with the 
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salinity increase for preparing PPG, which was consistent with the conclusion with screen 
models and open fracture models. Also, according to the literature, the particle size to 
conduit opening size ratio and gel strength significantly affected the injection pressure of 




Figure 2.2. Schematic of transparent fracture model with leakoff [49].  
 
 
By conducting another group of void space conduit experiments, Imqam et al. [51] 
stated that the PPG injection pressure incremented with the increase of injection velocity. 
As what was concluded as a “slip” behavior for the preformed bulk gel [27], the injection 
pressure of PPG was found increased slightly with the injection velocity when it exceeded 
500 ft/day.   
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The dehydration of PPG during placement through fractures was not sufficiently 
studied in existed literatures. However, the exploration on this topic will be provided in 
this dissertation.  
 Plugging Behavior of In-Situ Gels in Fractures. Ideally, the in-situ gel 
whether placed in its mature or immature status is supposed to fully plug the fractures or 
fracture-like channels. However, the placed gel may leave unplugged paths for water in the 
fractures, or it may breakdown during the post-gel water floodings. Many researches have 
been conducted to understand the plugging behavior of placed in-situ gel. Under a 
condition that the injected gel gelled and fully filled the fracture, the post-gel water will 
not significantly enter the fracture until the injection pressure exceeds the “rupture 
pressure”, which happens in the center of the fracture [12]. The rupture pressure is defined 
as the highest injection pressure before the gel was broken through at a low flow rate [52], 
which is also considered as breakthrough pressure sometimes. The common measurement 
of rupture pressure is injecting water to the fracture inlet to achieve a significant pressure 
drop or production from the outlet [51]. After the gel rupture, water displaces the relatively 
mobile gel and creates wormholes or channels that have higher permeability than the gel 
pack [13]. If the gel is fully broken throughout the fracture, a small fraction of gel may be 
flushed out with a considerable water production [13]. It is reported that the water flows 
through the wormholes created between the gel and fracture wall [12]. The water may 
produce from the fracture outlet if the gel along the entire fracture is eroded, otherwise, the 
water may flow through the wormholes to the permeable matrix. However, even the gel 
was broken through by water, it was still reported to perform strong resistance to the flow 
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[51]. After a long-term injection, the wormholes will be enlarged and the resistance is 
weakened.  
The rupture/breakthrough pressure and resistance to water flow, which is usually 
quantified by the residual resistance factor, is frequently used to describe the plugging 
performance of placed gel. By conducting post-gel water injection in tubes, Ganguly et al. 
[12] established the relation between rupture pressure and the tube length to inner diameter 
ratio experimentally. They revealed that the gel rupture pressure increased with the increase 
of length to inner diameter ratio of tubes. According to the experiments conducted in a 
fracture with permeable matrix on the side, Brattekås et al. [51] argued that the gel injection 
volume increase and placement effective velocity decrease incremented the rupture 
pressure of placed chromium-acetate-HPAM gel. It is also reported by them that the gel 
dehydration made the gel more concentrated, thus improved the rupture pressure. These 
conclusions were consistent with the experimental results from Seright [13]. In addition, 
the rupture pressure and the pressure needed to wash the gel out from the fracture had 
similar values to the gel placement pressure [13]. Whether the gel is placed at the status of 
immature or mature was also studied for the effect on plugging performance. According to 
the results from tracer tests, Seright [9] suggested that the preformed bulk gel improved 
the post-gel water sweep efficiency much more than the gel placed as gelant. More details 
were added that whether the gel was injected mature did not show a significant impact on 
the initial rupture pressure and residual resistance factor, however, a much better plugging 
performance would be achieved by the preformed gel after up to eight cycles of water 
flooding [51]. More macroscopically, Seright and Lee [11] studied the effect of fracture 
spacing on the gelant treatment effectiveness. They stated that the increment of fracture 
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spacing for the fractures that did not lane up with the flow direction could improve the 
treatment effectiveness by increasing the breakthrough time of water. Wettability of 
fractured rock is demonstrated to have an inconspicuous effect on the plugging 
performance of placed gel [13].  
 Plugging Behavior of PPG in Fractures. The water-plugging behavior of 
PPG shares many similar points with the behavior of in-situ gel. Water does not 
significantly enter the fracture until a breakthrough pressure is exceeded. The breakthrough 
pressure is usually defined as the highest water-injection pressure reaches before a sudden 
pressure drop or large extrusion is observed. After the breakthrough, a fraction of placed 
PPG is flushed aside or produced, which creates wormholes in the placed gel pack. After 
being broken through, the PPG remained inside the fracture still performed a strong 
resistance to the water flow [6, 30].  
Bai and Zhang [6] studied the PPG plugging performance in transparent fracture 
model made of acrylic sheets. They stated that the PPG prepared in brine with a high 
salinity achieved a higher residual resistance factor, in other words, performed a better 
plugging performance in the fracture model without leakoff. This conclusion was also 
confirmed in the conduit experiments that was made of stainless steel tubes [53]. In the 
same literature, Imqam et al. reported that the PPG prepared in higher salinity water had a 
higher elastic modulus (gel strength). Therefore, the increase of strength could improve the 
plugging performance by achieving a higher blocking efficiency, as defined in the 
following equation.  
𝐵𝑙𝑜𝑐𝑘𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −
1
𝐹𝑟𝑟𝑤
) ∗ 100%                      (1) 
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where Frrw is the residual resistance factor calculated based on the stable pressure of water 
flooding. In addition, their results show that for the fractures with same dimensions, larger 
PPG size would result in a better plugging performance. However, gel strength was the 
more dominate factor than PPG particle size. In another literature studied the PPG plugging 
behavior in void space conduits, Imqam et al. [50] revealed that the plugging performance 
improved with the increase of conduit inner diameter. From the conclusions listed above, 
it can be derived that with the increasing ratio of PPG particle size to conduit opening size, 
a more favorable plugging performance will be performed. Alhuraishawy et al. [54] 
numerically and physically simulated the PPG treatment in fractured reservoirs. They 
reported that the PPG with a higher gel concentration led to an increase in residual 
resistance factor and an incremental in oil recovery factor.  
However, the studies focused on the behaviors of PPG treatment in fractures or 
fracture-like channels are still very limited. More results focused on the PPG behaviors, 
including placement, dehydration, and plugging in fractures or fracture-like channels will 






Ι. PREFORMED-PARTICLE-GEL PLACEMENT AND PLUGGING 
PERFORMANCE IN FRACTURES WITH TIPS 
ABSTRACT 
Preformed-particle-gels (PPGs) have been applied for reducing excessive water 
production caused by fractures in reservoirs. A portion of the fractures existing in 
reservoirs are composed of a void part and a fracture tip. The PPG placement behavior and 
plugging performance could be largely affected by the fracture tips. A fracture with a tip, 
named partially open fracture in this paper, was designed to investigate the placement and 
water-plugging performance of PPG. Cylindrical sandstone cores were used to 
manufacture partially open fractures. Pressure data of PPG injection, post-gel water 
breakthrough and stable injection were analyzed to investigate the PPG propagation and 
plugging performance to water. Experiments with different PPG placing pressure were 
conducted to explore the effects of pressure on PPG water-plugging performance and 
dehydration. In the fractures with tips, the PPG injection pressure increased rapidly and 
could reach any designed pressure with continued injection after gel filled the fracture. By 
setting the PPG placing pressure at 500, 1000 and 2000 psi, the blocking efficiency to water 
showed a growth with the increase of placing pressure. The reswelling experiments show 
that PPG samples dehydrated when exposed to a high pressure difference between fracture 
and porous rock. Moreover, the placed PPG dehydrated relatively even along the fracture. 
Some gel particles was found whitening and reducing capability of reswelling at the placing 
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pressure of 2000 psi. Scanning electron microscope (SEM) images indicated that the 
distinct three-dimensional network of the PPG was compressed or damaged in whitish 
sample. Additionally, a discussion about PPG dehydration and fracture tip extension is 
provided. In general, this study experimentally characterized PPG placement and plugging 
performance to water in the fracture with tips. The PPG dehydration and fracture extension 
in PPG treatment, which have not drawn much attention in the literature, are investigated 




Gel treatment has been widely applied to combat water channeling by blocking or 
reducing conductivity of high permeability channels, thus improving the sweep efficiency. 
Traditional in-situ bulk gels have been applied to reduce excess water production and 
improve oil recovery (Rousseau et al., 2005; Portwood, 1999, 2005; Demir et al., 2008). 
Since 1999, preformed-particle-gel has been applied as a conformance control product 
because it was designed to overcome some inherent drawbacks of in-situ gels, such as the 
change of gelant composition during placement, gelation uncertainty and uncontrollability 
(Chauveteau et al., 1999, 2000; Coste et al., 2000; Bai et al., 2007a, 2007b). This type of 
surface gelation gel has also been proven to be efficient in water production control and oil 
recovery improvement. Zaitoun et al. (2007) reported an application of preformed microgel 
for oil recovery enhancement in gas storage wells . Bai et al. (2013) and Qiu et al. (2014) 
reported that over 10,000 wells have been treated with millimeter-sized preformed-particle-
gels during water flooding or polymer flooding processes .  
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Studies show that a gel treatment has great opportunity for success when it is 
applied for the reservoirs with fractures or fracture-like features (Seright, 1988; Liang et 
al., 1993). A number of studies have investigated gel propagation behavior and water-
plugging mechanisms through fractures. Seright (1997, 2001) systematically studied the 
placement and propagation of preformed Cr(III)-acetate-HPAM gels through fully open 
fractures. He found that a significant pressure gradient was needed to extrude mature gel 
through fractures. Zhang and Bai (2011) visually tracked PPG injection through fractures 
with open outlets using transparent models . It was found that the PPG front moved like a 
piston and a gel pack was formed in the fracture to resist water. Imqam et al. (2015, 2017a, 
2017b) studied PPG propagation in void space conduits and tubes under conditions when 
the channel opening size was larger than, equal to, or smaller than the swollen PPG size 
using tubing models. Their results indicated that PPG strength affected injectivity more 
significantly than the ratio of particle size to channel opening size. They also discussed the 
effect of void space conduits heterogeneity on PPG injection and water-blocking 
performance. Imqam et al. (2016) used a partially open conduit model to study the behavior 
of PPG penetration into a porous rock matrix at the end of conduit. They reported that gel 
particles concentrated at the end of conduit under injection pressure. In other studies, 
preformed gel dehydration was reported when transporting in fractures under pressure 
gradient/pressure difference (Seright, 1999a, 1999b; Brattekås et al., 2013). They found 
that the pressure difference between fracture and porous rock resulted in the leakage of gel 
solvent, which could make the gel dehydrated and the reduction of gel volume in fractures. 
Sun et al. (2017) found that the three-dimensional network of a polyacrylamide-based 
polymer gel was damaged under high-pressure condition.  
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Current literatures only reported the gel placement and plugging performance in 
open fractures without fracture tips. However, a large portion of fractures have tips at the 
end in real reservoirs, which could be caused by overburden pressure or other reasons 
(Crain, 2015). Therefore, current studies can only explain the gel placement and blocking 
behavior in fully open fracture or the condition where the injected gel did not reach the tip 
of a fracture. In fact, when injected gel reached a fracture tip, its subsequent placement 
behavior and blocking performance near the tip and even the whole fracture might be 
significantly different from what happens in the void part of a fracture.  
This paper intends to compare the PPG placement and blocking performance in 
open fractures and the fractures with tips. The effects of placing pressure on PPG treatment 
at fracture tips are experimentally studied. A discussion is provided about the PPG 
dehydration and fracture extension.   
 
2. EXPERIMENTAL MATERIALS 
 
Preformed-Particle-Gel (PPG). A commercial superabsorbent polymer gel was 
selected as the PPG sample for experiments. It is a crosslinked polyacrylic 
acid/polyacrylamide copolymer. The sample was supplied as dried particles, and needed to 
be swollen in water before use. Dry PPG with a size between 300 and 180 microns was 
fully swollen in 1% NaCl (10,000 ppm) solution and was used for gel treatment in all 
experiments described in this paper. The swollen PPG was packed in accumulators for 
injection after free water was removed by using a stainless steel sieve. The injected PPG 
has a concentration of 2% (20,000 ppm).  
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Cores Samples. Cylindrical Berea sandstone cores with brine permeabilities of 
50±3.5 md were used in the experiments. All cores had dimensions of 16.0 cm in length 
and 2.5 cm in diameter. 
Brine. A 1% NaCl solution was used for swelling the PPG samples before injection. 
All water-injecting processes before and after gel placement were performed with a 1% 
NaCl solution as well.  
Stainless Steel Plates. Stainless steel plates were used for holding fracture aperture. 
These plates have low compressibility even under high pressure.  
 
3. EXPERIMENT PROCEDURES 
 
Cylindrical Berea sandstone cores drilled from a very homogenous rock block were 
dried, evacuated and saturated with a 1% NaCl brine. The measured brine permeabilities 
of the cores were in a range of 50±3.5 md, while the measured porosities were in a range 
of 18±2.0 %. To simulate the fracture tip and void part respectively, partially open fractures 
and fully open fractures were cut lengthwise in the cores with a saw. In order to create a 
partially open fracture, a core was cut along the axis of the cylinder to half of total length 
and the remaining half of the core was left intact. The cut section was separated into two 
equal halves. One of the halves was removed from the core by cutting across the selected 
part. After cutting, the surface was washed gently with brine to avoid permeability 
reduction by rock grains. Figure 1 demonstrates how the core was fractured. The upper two 
schematics display how the fractured part was cut and disassembled. Two rectangular 
stainless steel plates with dimensions of 8 cm long x 0.075 cm wide x 0.05 cm high were 
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glued onto the longer edges of the fracture with epoxy to maintain a fracture width of 0.05 
cm. The shorter edge of fracture was left open as inlet of fluids. The cut core was then 
placed on top of the stainless steel plates. As shown in the bottom right picture of Figure 
1, the fluid entrance dimension was a rectangle with dimensions of 2.35 cm x 0.05 cm. The 
fully open fracture was prepared similarly except the core was cut along the entire length 




Figure 1. Schematics of making partially open fracture in sandstone cores. 
 
 
After being reassembled as a whole cylinder, the core was placed into a Hassler 
type core holder and immobilized with confining pressure. A syringe pump was used to 
provide pressure for injection of brine and PPG from the accumulators to the core system. 
All experimental injection procedures were performed at a constant injection rate of 1.0 
ml/min. Initially, first water flooding was conducted through the core until the pressure 
became stable. The fully swollen PPG (20,000 ppm) was then injected into the fracture 
  
30 
from the opening inlet with an accumulator. When the PPG injection pressure became 
stable or reached a designed value, the gel placement process was stopped. The maximum 
injection pressure of gel is defined as the placing pressure (Alhuraishawy et al., 2018), 
which was chosen as the indicator for PPG injection completion. According to the injection 
pressure behavior of many gel treatment applications, 500, 1000, and 2000 psi were chosen 
as values for placing pressures in partially open fracture models (Hild and Wackowski, 
1999). Before second water flooding/post-gel water flooding was performed, any gel 
remaining in the connecting lines was cleaned with both water and air. The gel filter cake 
was removed from the core front surface. The lines were filled with brine again before next 
step. In the second water flooding, brine was injected until a stable pressure was reached. 
During all these steps, pressure data was recorded to analyze gel propagation and water 
flowing behavior. Injection volume was calculated using the injection time of the pump. 
Produced fluid was collected from the core holder outlet for calculating production volume 
during all steps. When the second water flooding procedure was finished, the fractured core 
was taken out from the core holder and the cut part was disassembled to inspect the 
condition of the PPG inside fracture. PPG samples were collected for further analysis. 
Figure 2 shows the schematic of apparatus for core flooding experiments. Experiments 
were designed and conducted with two different fracture features (fully and partially open), 
PPG maximum placing pressure, in order to explore the effects of these characteristics on 
PPG injection and water-blocking behaviors.  
Reswelling experiments were conducted in order to investigate the PPG 
dehydration in fractures during placement. PPG sample was collected according to its 
location in fractures after placement, as the fractures were separated equally into sections 
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of 2.0 cm long (partially open fracture had four sections and fully open fracture had eight 
sections). The PPG sample was weighed respectively, and then fully reswollen in 1% NaCl 
brine. After measuring the weight again, the gel was dried at room temperature for seven 
days and weighed for a third time. To eliminate the weight error caused by dry NaCl, which 
was dissolved in brine as the solvent of PPG, the PPG was reswollen in sufficient distilled 




Figure 2. Schematic of experiments apparatus for core flooding. 
 
 
4. RESULTS AND ANALYSIS 
 
This section mainly discusses the results of PPG injection pressure and water-
plugging performance in fractured cores. PPG treatments were compared in both partially 
open fractures and fully open fractures, in order to investigate the difference of PPG 
behaviors in fractures with tips and without tips. Effects of gel maximum placing pressure 
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on experimental PPG blocking performance were analyzed in partially open fractures 
particularly. PPG dehydration and property change behavior was analyzed by reswelling 
experiments. A discussion about fracture extension in PPG treatment was also provided.  
4.1. PPG PLACEMENT IN THE FRACTURES WITH TIPS   
To investigate the PPG behaviors in fractures with and without tips, two 50 
millidarcy permeability sandstone cores, which were 100% saturated by brine, were 
featured with partially and fully open fractures. The dimension of the partially open 
fracture were 8.0 cm in the cylinder-axis direction, 2.35 cm in the horizontal direction and 
0.05 cm in the vertical direction. The dimension of the fully open fracture was 16.0 cm x 
2.35 cm x 0.05 cm, which was twice as long as the partially open fracture. First, a water 
flooding was performed respectively in two cores until the pressure was stable. Then, the 
fully swollen PPG without free water was injected into the cores from the fracture inlet. 
The injection was stopped when the injection pressure stabilized or increased to more than 
1000 psi, which could help to characterize the injection behavior difference. The injection 
pressure is shown as plots in Figure 3.  
Figure 3b provides the second behavior of pressure when gel was injected into the 
partially open fracture, which represents the fracture with a tip. Pressure started to increase 
significantly after the first 14 FV injection. Similar to the fully open fracture, this delayed 
pressure build-up was also caused by PPG losing water in the accumulator. Before the 
pressure rose, 18.8 mL PPG was injected to the fully fractured core and 13.9 mL was 
injected to the partially fractured core. This volume difference was reasonably caused by 
the diverting effect of the intact core plug. The intact core, which represents the porous 
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matrix surrounding the fracture, caused an extra pressure drop to fluid flow and built up 
the pressure earlier. Injection pressure rose to 1000 psi after 40.1 FV injection. The pressure 
would increase to any pressure if more gel continued being injected. When PPG reached 
the fracture tip and filled the near-tip space, it accumulated there and formed gel filter cake, 
which accelerated the pressure increase (Imqam et al., 2016). 
 
 
      
        a. Fully open fracture                                  b. Partially open fracture 
 
Figure 3. PPG injection pressure through different fractures. 
 
 
During this concentrating process, PPG dehydrated through the porous matrix, 
which could be proven by the continuous brine production. As a result, the pressure 
increased sharply, especially after 20 FV PPG being injected, where the gel cake built a 
good blocking capacity. Moreover, not repeating what happened in the fully open fracture, 
pressure smoothly rose in the partially open fracture instead of erratically. This behavior 
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can be explained by that the fracture tip created considerable system pressure. This system 
pressure weakened the sudden release of pressure when the gel front moved forwards.  
4.2. PPG DEHYDRATION IN FRACTURES WITH TIPS  
To characterize the dehydration behavior of PPG during placement, reswelling 
experiments were conducted after PPG was placed at a placing pressure of 500 psi in both 
fully and partially open fractures. The reswelling and drying results were summarized in 
Figure 4. Error bars were added according to the results from repeated experiments. The 
fractures were separated into equal sections lengthwise. They were named Sec. 1 to Sec. 4 
for partially open fracture, from inlet to outlet lengthwise. Fully open fracture had 8 




                                                     (1) 
where RSR is the reswelling ratio of PPG; Wreswollen is the weight of reswollen PPG, and 
Wdehydrated is the weight of dehydrated PPG, which is the PPG originally collected after 
placement. In the figure, A higher reswelling ratio means that the PPG placed at this 
section/location dehydrated more, based on the property that experimental PPG could 
usually reswell to its original size after dehydration. To eliminate the error caused by PPG 
that cannot reswell to its original full swelling ratio, the ultimate swelling ratio (USR) was 




                                                     (2) 
where USR is the ultimate swelling ratio of PPG; Wreswollen is the weight of reswollen 
PPG, and Wdried is the weight of dried PPG. The experimental PPG has a full swelling 
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                                                 (3) 
where FSR is the full swelling ratio of PPG; Wfully swollen is the weight of fully swollen 
PPG, and Wdried is the weight of dried PPG. If the USR is very close to the FSR, it is 
believed that the placed PPG maintained its swelling capacity to fully swelling and thus 
validate the RSR results. The weight of PPG invaded into porous rock was assumed 
negligible in this analysis.  
 
 
            
                       a. Reswelling Ratio                               b. Ultimate Swelling Ratio  
 
Figure 4. PPG rewelling and drying results. 
 
 
In Figure 4a, in both partially open fracture and fully open one, the PPG placed 
along the fracture has RSR around 3.6, except Sec. 1 near the fracture inlet. Seright (2001) 
reported that the gel was dehydrated mainly by the pressure difference between fracture 
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and porous matrix. Vervoort et al. (2004) stated that the compression also caused hydrogel 
deformation and solvent loss. The compression force, provided by the injection pressure 
and fracture walls, generated and worked together with the pressure difference between 
fracture and porous rock, when more volume of gel was injected. The largely overlapped 
RSR for Sec. 2 to Sec. 4 (or Sec. 8 of fully open fracture) shows that PPG dehydrated 
evenly when propagating through a single fracture. When PPG totally filled the fracture, 
most of the placed gel became immobile. The pressure difference between the fracture and 
porous matrix was believed relatively even along the fracture and led to the equal 
dehydration for each section. Moreover, the dehydration was not obviously influenced by 
whether the fracture had a tip or not (whether the gel reached fracture tip) when placing 
pressures were the same. The dehydration of PPG was independent from its location in a 
uniform fracture. However, the lower RSR in Sec. 1 for both fully and partially open 
fractures shows that the PPG at fracture inlet was slightly less dehydrated. The possible 
reason was that the PPG entered the inlet at the very end of gel placement did not have 
sufficient time to expose to the pressure difference between fracture and porous rock inside 
fracture, so the dehydration was not as much as other sections. According to Figure 4b, 
PPG sample in two fractures had a similar reswelling capacity (shown by USR) comparing 
to its original full swelling ratio, 33.5. This suggests that the PPG collected from the 
fracture had a full swelling capacity. It validates the results provided by Figure 4a.   
4.3. WATER-PLUGGING PERFORMANCE OF PPG IN FRACTURES WITH 
TIPS  
To understand the PPG water-plugging performance is important to design the 
treatment. Two experiments with both gel injection and water flooding were conducted 
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respectively in partially and fully open fractures. The placing pressure of PPG in the 
partially open fracture was designed to be 500 psi, which approximately equaled to the 
maximum pressure that could be reached in the fully open fracture.  
The injection pressure in all flooding stages of the two experiments are provided in 
Figure 5, including first/pre-gel water injection, PPG injection, and second/post-gel water 
injection. In the first water flooding of the fully open fracture, brine flowed through the 
fracture with very little resistance. As a result, its injection pressure stabilized at about 0.73 
psi during the total injection of 50 FV. In contrast, the brine injection pressure increased 
and then decreased in the partially open fracture because of the two-phase flow caused by 
air in the fracture. The pressure then stabilized at about 8.6 psi. This pressure difference in 
the two features was mainly caused by the extra pressure drop for water flowing through 
the non-fractured core plug located at the rear of the partially open fracture dead end.  
To eliminate the effect of gel placing pressure on results, the gel injection procedure 
was stopped when the pressure reached 500 psi in both experiments. According to the 
observation, in fully open fracture, PPG and water were both detected at the outlet before 
the pressure reached 500 psi. However, in partially open fracture, the effluent was only 
water. The second water floodings were then performed. Figure 6 shows pictures of 
disassembled core after second water flooding. The high-permeability wormhole was 
highlighted by red lines according to the observation and combination of the PPG particles 
attached on both pieces of the core halves. In the fully open fracture experiment in Figure 
5a, second water injection pressure built up to 600 psi and swiftly dropped to 5 psi, with 
gel particles produced from outlet at the same time. The pressure finally stabilized at 11 
psi after fluctuating for almost 40 FV injection. The sharp pressure decrease was caused 
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by the gel pack being broken through by injection brine. Along with the breakthrough of 
brine, a considerable amount of gel particles were washed out from the fracture outlet and 
leaving channels among the remnant gel. In Figure 6a, the remnant gel particles were 
stacked inside the fracture. But a high-permeability wormhole was visible among the 
stacked gel particles, which is highlighted by red lines. The wormhole was a result of PPG 




a. Fully open fracture 
 






b. Partially open fracture 
 
Figure 5. Injection pressure of core flooding processes through fracture (cont.). 
 
 
    
      a. Fully open fracture                                b. Partially open fracture 
 





For the partially open fracture experiment, second water flooding pressure 
increased to 553 psi at the beginning. After a significant drop, the pressure finally stabilized 
at about 360 psi. As shown in Figure 6b, a high-permeability wormhole was also created 
in the partially open fracture and caused the decrease of water injection pressure. No gel 
extrusion was observed during the second water flooding process. At the same time, a layer 
of compressed gel filter cake was found on the surface of fracture walls and at the fracture 
tip. Stable pressure in second water flooding was 360 psi, much higher than the stable 
pressure in first water flooding of the same core (8.6 psi). The difference of two pressures 
is 351.4 psi, much higher than the difference of water flooding stable pressure in first water 
floodings of two experiments, which was 8.0 psi. Figure 7 shows the mechanisms of PPG 
placement and water blocking in fractures with tips. At low injection pressure, gel particles 
were loosely packed inside the fracture. When the continuous PPG placement built up a 
high injection pressure, particles were compressed and formed a layer of gel filter cake on 
the rock surface. A small amount of the placed gel particles penetrated into the rock pores 




Figure 7. Schematic of PPG water-blocking mechanisms in fractures with tips. 
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In order to better investigate the influence of fracture tip on PPG blocking 
performance to water, PPG blocking efficiency is calculated using the following equation 
(Song et al., 2010),  
𝐵𝑙𝑜𝑐𝑘𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −
1
𝐹𝑟𝑟𝑤
) ∗ 100%                                 (4) 
where Frrw represents the residual resistance factor of water. Here it equals to the ratio of 
post-gel water injection stable pressure to pre-gel water injection stable pressure at a 
constant rate.  
According to Eq. (4) and pressure results, PPG blocking efficiency in the partially 
fractured core was calculated to be 97.6%, while the blocking efficiency in fully-open 
fractured core was 93.0%. As what is discussed above, the increase of blocking 
performance in fractures with tips was cause by a few major reasons. First, the gel filled 
the partially open fracture more completely and formed more compact gel pack than in the 
fully open fracture, as shown in Figure 6. The gel particles significantly narrowed the high-
permeability wormhole and reduced the conductivity. Second, the gel filter cake on the 
fracture surface performed a strong resistance for water to flow into the core matrix. 
Additionally, when gel placing pressure increased to a high value, gel penetrated from the 
fracture surface into porous matrix. The invasion significantly decreased the permeability 
of the core face. The permeability reduction, especially surround the fracture tip, brought 
in extra pressure drop.  
4.4. EFFECT OF PLACING PRESSURE ON PPG TREATMENT   
Three experiments were conducted to study how placing pressure affected PPG 
placement and blocking performance. Because gel injection pressure will increase to any 
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value with the continuous placement in a fracture with a tip, different maximum placing 
pressures of 500, 1000 and 2000 psi were tested and the pressure curves are presented in 




Figure 8. Injection pressure of experiments with different PPG placing pressure.  
 
 
According to the figures, stable injection pressures for the first water flooding (8.6, 
9.3, and 9.8 psi) were similar to each other as the permeabilities were similar (51.1, 48.6, 
and 49.2 md, respectively). PPG was injected until the pressure rose to approximately 500 
psi, 1000 psi and 2000 psi. Similarly to the previous experiment, in partially open fracture, 
the PPG injection pressure increased smoothly. Then, second water floodings were 
conducted to detect stable pressures. The pressure behavior during second water injection 
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was similar to what happened in the partially open fracture experiment described 
previously. Chase water injection pressure built up to a peak which was even higher than 
PPG maximum injection pressure, followed by a significant drop caused by breakthrough 
of placed gel, and finally became stable, which was significantly different from what 
happen in fully open fracture. The second water injection pressure stabilized at 360 psi, 
672 psi, and 1662 psi sequentially. 
PPG injection volume and blocking efficiency results for the three experiments are 
displayed in Table 1. The blocking efficiencies across the whole core were calculated based 
on the Eq. (4). As for the gel placement, 31.68 FV (29.78 mL) PPG was injected to reach 
an injection pressure of 500 psi. The volume of PPG for 1000 psi and 2000 psi were 40.41 
FV (37.99 mL) and 49.83 FV (46.84 mL) respectively. Dehydration of the PPG under 
pressure accounts for the large number of fracture volumes placing (Seright, 1999b). For 
the 500 psi increase from 500 psi to 1000 psi, 8.21 mL PPG was injected. The injection 
volume is 8.85 mL to build the pressure from 1000 psi to 2000 psi. It can be concluded 
from the results that the pressure increased very fast and could reach any pressure in a short 
time period when more volume of PPG was injected. When the PPG placing pressure 
increased from 500 psi to 2000 psi, the blocking efficiency of PPG increased from 97.36% 
to 99.26%. The difference of the efficiencies for different placing pressure was induced by 
the more compact gel pack in fracture, gel filter cake formed on the fracture surface and at 
the fracture tip, and also the gel invasion into porous rock.  
Fracture models were disassembled after second water flooding. Less volume of 
PPG placed at 500 psi placing pressure, and resulted in generation of high-permeability 
wormholes for water flowing (Figure 6b). The PPG pack of 1000 psi and 2000 psi was 
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more rigid and concentrated (proven by the reswelling results), making the gel pack more 
difficult to be pushed aside.  As a result, no visible high-permeability wormhole formed in 
the partially open fracture, thus leading to an increase of blocking efficiency of PPG. 
 
 
Table 1. Results of experiments for PPG placing pressure investigation. 
PPG placing pressure 
(psi) 
PPG injection volume 
(FV) 
Blocking efficiency of 
the whole core 
500 31.68 97.36% 
1000 40.41 98.50% 
2000 49.83 99.26% 
 
 
4.5. PPG DEHYDRATION AT DIFFERENT PLACING PRESSURE  
PPG was injected at placing pressure of 500, 1000, and 2000 psi, respectively in to 
partially open fractures, and then collected for reswelling, in order to evaluate the placing 
pressure effect on dehydration in fractures with tips. The RSR and USR results were shown 
in Figure 9. PPG dehydrated evenly along all the partially open fractures. According to 
Figure 9a, the PPG placed at 2000 psi (solid, round markers) and 1000 psi dehydrated more 
than the gel placed at 500 psi, based on the result that PPG had higher RSR for 2000 and 
1000 psi. The reason was that the injection pressure generated higher pressure difference 
along the whole core and reasonably resulted in a higher pressure difference between 
fracture and porous matrix. The pressure difference mainly led to solvent loss and 
deformation of PPG. The observation also proved the statement that PPG packed tighter at 
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placing pressure of 2000 psi and 1000 psi. Additionally, the large overlap of RSR suggests 
that the dehydration of PPG was independent from its location in area in fractures with tips, 
for different placing pressure.  
 
 
    
         a. Reswelling Ratio                          b. Ultimate Swelling Ratio 
 
Figure 9. PPG rewelling and drying results of different placing pressures. 
 
 
In Figure 9b, the PPGs placed at 1000 psi and 500 psi had a swelling ratio around 
33.5 in all sections. This validates the results of RSR. However, the USR of PPG placed at 
2000 psi was relatively lower than the USR of 1000 psi and 500 psi, especially in Sec. 2-
4. This swelling ratio difference suggests a reduction of the swelling capacity of some 
placed PPG. In Figure 10, the left image shows that some preformed gel particles turned 
from colorless into a whitish appearance in the fracture, especially concentrated in the 
highlighted area. These particles had a solidified and dry-out appearance. The right image 
  
46 
of Figure 10 shows the reswelling of PPG sample. The whitish PPG remained white and 
could not be swollen visibly. It is believed that the swelling capacity reduction of the 
whitish PPG sample resulted in the USR decrease at 2000 psi placing pressure. To indicate 
the PPG dehydration accurately, the PPG reswelling ratio of 2000 psi in Figure 9a was 
modified according to the full swelling ratio, 33.5. The modified RSR is displayed as “2000 
psi (modified)” in the plot. The modified RSR presents that the PPG dehydrated evenly 
along the fracture at 2000 psi placing pressure and dehydrated more than the PPG placed 
at the other two placing pressures.  
 
 
            
Figure 10. PPG placed at 2000 psi placing pressure and reswelling in brine. 
 
 
SEM images of normal and whitish particles (Figure 11) were taken for further 
investigation. As shown in Figure 11a and 11b, normal experimental PPG had a distinct 
three-dimensional network microstructure. The structure has walls and pores that can hold 




            a.                                                               b.  
Microstructure of normal appearance PPG 
 
  
            c.                                                               d.  
Microstructure of whitish PPG placed under 2000 psi 
 
Figure 11. PPG microstructures at different placing pressures. 
 
 
However, the microstructure evidently changed as shown in Figure 11c and 11d. 
Figure 11c shows that the walls of the pore-structure were compressed and curled up, 
making the microstructure much more compact. This change was suggested to weaken the 
water diffusion in and out the network. Figure 11d shows that the walls had failure and 
there were many broken joints, which are highlighted by red circles. The broken 
microstructure might not be able to hold water. The changes of microstructure are 
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suggested to be the main reason of particle whitening and reduction of the swelling 
capacity. It is believed that the PPG appearance change was caused by the pressure 
difference between the fracture and porous rock. The gel dehydrated significantly and 
might experience microstructure change when exposed to high pressure difference. These 
dehydration behaviors were largely determined by the magnitude of the pressure 
difference/pressure gradient. The reason for the whitish PPG near the fracture edge and tip 
areas was that the continuous PPG injection pushed the particles that had experienced 
dehydration or microstructure change deeper into the partially open fracture, as shown in 
Figure 11. More researches are needed to understand effect of the PPG property change on 
the placement and water-plugging performance.  
4.6. FRACTURE EXTENSION DURING PPG PLACEMENT  
Gadde and Sharma (2001) stated that the particles suspended in injected fluids 
could plug the rock face, and cause fracture extension when pressure at fracture tip was 
higher than the propagation pressure. Seright et al. (2008) reported that most of polymer 
floodings led to fracture tip propagation by both face plugging and viscosity nature of 
polymer fluid. Concern was raised that whether PPG treatment would cause fracture 
extension when reached the fracture tip, and what is the relation between PPG dehydration 
and fracture extension. We did not observe any newly created fracture in all of our 
described experiments. One possible reason is that the stresses in the experiments, except 
the PPG injection pressure, were mainly provided by the confining pressure of core holder 
and the seal of screws at the two ends. It is reported that the fracture propagation pressure 
need to exceed the minimum principle stress to extend the fracture tip (Harrison et al., 
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1954). The stresses applied on the fractured core were higher than the injection 
pressure/maximum placing pressure, and thus resist the fracture extension. Another 
possible explanation is that the significant dehydration of PPG placed inside fracture 
caused tip screen-out, which resisted the fracture propagation.  
Based on previous analysis, PPG dehydrated when considerable pressure difference 
existed between fluid pressure in fracture and in porous matrix, where the pressure was 
known as pore pressure. But fracture tip propagates only when injection pressure exceeds 





(𝑂𝐵 − 𝑃𝑝) + 𝑃𝑝                                            (5) 
where 𝜎𝐶𝐿 is fracture closure pressure, ν is Poisson’s ratio, OB is overburden pressure, 𝑃𝑝 
is pore pressure. The minimum principle stress is higher or equals to the closure pressure, 
while closure pressure is usually higher or equals to pore pressure. So fracture propagation 
pressure is usually higher than the pore pressure. As a result, in PPG treatment field 
applications, when the injection pressure exceeds the pore pressure, the pressure difference 
between the two pressures dehydrate gel particles. When the injection pressure continues 
to increase above the fracture propagation pressure, the formation fails and the fracture tip 
extends. It is suggested that PPG injection has the potential of causing tip screen-out, due 
to the dehydration and microstructure change, especially when exposed to abnormally high 
injection pressure and pressure difference/pressure gradient. Therefore, it is necessary to 
design new experiments to investigate at what conditions a fracture tip can be opened and 






 In a fracture with a tip, the PPG injection pressure increased quickly and could 
reach any designed value very fast after PPG filled the fracture. However, in a 
fracture with an open outlet or PPG hadn’t reached the tip, the PPG injection 
pressure built up and easily became stable, because of PPG extruding from the 
fracture.  
 The post-gel water flooding caused a breakthrough in the fracture, which refers to 
the movement of placed PPG and formation of high-permeability wormholes. In a 
partially open fracture, the tight packing of PPG, gel filter cake and gel invasion 
behavior simultaneously led to a higher blocking efficiency after breakthrough, 
compared with a fully open fracture.  
 Placing pressure determined the volume of placed PPG in a partially open fracture 
and how tight the PPG was packed. The water blocking efficiency across the core 
increased when a higher placing pressure was applied.  
 The pressure difference between fracture and porous matrix caused the swollen 
PPG dehydrated. The level of dehydration were similar in fully open and partially 
open fracture when the PPG placement pressure was the same. Also, the 
dehydration of PPG was independent of location inside a fracture, except the 
entrance. Placed PPG dehydrated more when higher placing pressure was applied.  
 Some placed PPG particles became whitish and solidified when a high placing 
pressure was applied. The reswelling capacity of whitish PPG reduced than normal 
PPG. SEM images showed that the 3D-network microstructure of PPG was 
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compact and damaged in whitish sample. It is believed that the whitening and 
reswelling capacity reduction were caused by the abnormally high pressure 
difference between fracture and porous matrix.  
 Theoretically, the dehydration of PPG in the fracture face and tip due to leakoff 
might have the potential to reduce the possibility of the fracture propagation. But 
more experiments should be designed to investigate at what conditions a fracture 




PPG                 = preformed particle gel 
RSR                 = reswelling ratio, g/g 
𝑊𝑟𝑒𝑠𝑤𝑜𝑙𝑙𝑒𝑛       = weight of reswollen PPG, g 
𝑊𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑     = weight of dehydrated PPG, g 
USR                 = ultimate swelling ratio, g/g 
𝑊𝑑𝑟𝑖𝑒𝑑              = weight of dried PPG, g 
FSR                  = full swelling ratio, g/g 
𝑊𝑓𝑢𝑙𝑙𝑦 𝑠𝑤𝑜𝑙𝑙𝑒𝑛   = weight of fully swollen PPG, g 
𝐹𝑟𝑟𝑤        = residual resistance factor 
𝜎𝐶𝐿           = fracture closure pressure, psi 
ν           = Poisson’s ratio 
OB         = overburden pressure, psi 
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ΙΙ. EFFECT OF MULTIPLE FACTORS ON PREFORMED PARTICLE GEL 
PLACEMENT, DEHYDRATION, AND PLUGGING PERFORMANCE IN 
PARTIALLY OPEN FRACTURES 
ABSTRACT 
Preformed particle gels (PPGs) have been successfully applied for solving 
conformance problems caused by fractures. Fractures with tips, also called partially open 
fractures (POFs), are a typical kind of fracture feature in the reservoirs. However, the PPG 
treatment in POFs was barely investigated in existing studies. Cylindrical sandstone cores 
were used to construct partially open fracture models. PPG placement and water floodings 
were conducted in the POF models to explore the effect of fracture length, fracture height, 
matrix permeability, and residual oil on the PPG placement, dehydration, and water-
plugging performance. Up to 18 fracture volume (FV) of PPG could be placed under a 
1000 psi placing pressure. With the same placing pressure, less FV of PPG was placed with 
the increase of fracture height, decrease of matrix permeability or presence of residual oil, 
respectively. However, placement FV didn’t show an apparent change with the fracture 
length modification. The re-swelling experiments showed that PPG samples dehydrated 
when exposed to a high pressure difference between fracture and porous rock. The 
dehydration level of placed PPG yielded a positive correlation with the placement FV in 
all conducted experiments. The placed PPG blocked the water flow until a breakthrough 
pressure was reached. It performed a considerable resistance to the water flow after 
breakthrough. The residual resistance factor decreased when the fracture had a shorter 
length, the matrix had a lower permeability, or residual oil presented in the core. It was 
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also found that the residual resistance factor was relatively independent of the partially 




Fractures or fracture-like features usually have significantly higher permeability 
contrast to the porous matrix. The displacing fluids have a strong preference to flow 
through these high-permeability features. Thus, the displacing fluids may bypass the areas 
that are rich in un-swept oil, making the displacing processes inefficient and uneconomic. 
Gel treatment is a technology that has been widely used to combat the conformance 
problems caused by fractures, by blocking them or reducing their permeability. Studies 
also show that a gel treatment has great opportunity for success when it is applied for the 
reservoirs with fractures or fracture-like features [1, 2].  
Conventional in-situ bulk gels have been applied to reduce excess water production 
and improve oil recovery [3-6]. In 1999, preformed particle gel started to be used as a 
conformance control agent. It is synthesized in the surface facilities, and placed to the 
formation after swelling. PPG was designed to overcome some inherent drawbacks of in-
situ gels, such as the change of gelant composition during placement, gelation uncertainty 
and uncontrollability [7-11]. The PPG has been proven efficient in excess water production 
control and oil recovery improvement. Zaitoun et al. [12] reported an application of 
preformed microgel for oil recovery enhancement in gas storage wells. Bai et al. [13] 
reported that over 10000 wells have been treated with millimeter-sized preformed particle 
gels during water flooding or polymer flooding processes. Qiu et al. [14] reported that PPG 
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treatment increased oil production rate from 14.3% to 50% and decreased water production 
to the range of 0.4% to 4.7% in eight treatment cases from 2001 to 2012. 
Studies have been conducted to investigate the gel placement and water-plugging 
behavior in fractures. Seright [15, 16] systematically studied the placement and 
propagation of preformed Cr(III)-acetate-HPAM gels through fully open fractures. He 
found that a significant pressure gradient was needed to extrude the mature gel through 
fractures. Zhang and Bai [17] visually tracked PPG injection through fractures with open 
outlets using transparent models. The observation showed that the PPG front moved like a 
piston and a gel pack was formed in the fracture to resist water flow. Imqam et al. [18, 19] 
studied PPG propagation in void space conduits and tubes under conditions when the 
channel opening size was larger than, equal to, or smaller than the swollen PPG size using 
tubing models. They addressed that the elastic modulus of PPG affected injection pressure 
gradient more significantly than the ratio of particle size to channel opening size. Seright 
[20, 21] and Brattekås et al. [22] investigated preformed bulk gel dehydration when 
transporting in fractures under pressure gradient. They found that the pressure difference 
between fracture and porous rock resulted in the leakage of gel solvent, which could make 
the gel dehydrate and reduce gel volume in fractures. The gel dehydrated less when the 
fractures had larger width and less injection pressure gradient was applied.  
Seright [23] investigated how multiple factors affected the washout of mature 
Cr(III)-acetate-HPAM gel in open fractures. He found that increase of gel concentration, 
decrease of fracture width and gel injection rate weakened the washout of placed gel. 
Similar experiments were conducted by Brattekås et al. [24], using preformed 0.5% 5-
million-molecular-weight HPAM, crosslinked by 0.0417% Cr(III) acetate. They reported 
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that the placed gel limited the fracture permeability after the breakthrough, and reduced the 
permeability by over 5000 times. Imqam et al. [25] performed gel particle placement and 
water-plugging evaluation in heterogeneous void-space conduit models. They addressed 
that a pressure peak, representing the breakthrough, was detected at the beginning of the 
post-gel water flooding, after which considerable amount of gel was washed out. 
Existing literatures mostly focus on the gel treatment in open fractures without 
fracture tips, where gel could continuously propagate and produce under sufficient pressure 
gradient. However, fractures with tips at the end, also called partially open fractures, are 
also a representative kind of fracture in the real reservoirs. The limited length of fracture is 
usually caused by overburden pressure, etc. [26]. Therefore, current studies can only 
explain the gel placement and plugging behavior in fully open fracture or the condition 
where the injected gel did not reach the tip of a fracture. In fact, when injected gel reaches 
a fracture tip, its subsequent placement behavior and plugging performance near the tip 
and even the whole fracture significantly differ from what happens in the fully open 
fractures.  
This paper intends to describe the PPG placement, dehydration, and plugging 
performance in partially open fractures. The effect of fracture length, fracture height, 
permeability of core matrix, and residual oil on PPG placement, dehydration level, and 







2. EXPERIMENTAL MATERIALS 
 
Preformed Particle Gel (PPG). A commercial cross-linked polyacrylic 
acid/polyacrylamide copolymer contains potassium salt was chosen as the PPG for this 
study. Before using, the PPG dry sample needs to be swollen in water, during which the 
dry particles can swell to tens of times of its original volume [9]. In this study, dry PPG 
between 50 and 80 mesh-size (300-180 microns) was fully swollen in 1% NaCl solution 
for all gel treatment. The brine for swelling PPG, which was not absorbed into the gel, was 
removed by using a stainless steel mesh. The injected PPG has a calculated concentration 
of approximately 2% (20,000 ppm) after free-brine removal.  
Brine. A 1% NaCl (10,000 ppm) solution was used as the PPG solvent and as the 
flooding fluid.  
Sandstone Cores. Cylindrical Berea sandstone cores were used for constructing 
partially open fracture models. Experimental cores were 16.0 cm in length and 2.5 cm in 
diameter. The brine-test permeabilities of these selected cores were between 46.7 and 53.5 
md, except two cores with permeabilites of 5.4 md and 521.6 md for investigating the effect 
of permeability on PPG treatment.  
 
3. EXPERIMENT DESIGN AND PROCEDURES 
3.1. FRACTURE MODEL MANUFACTURE 
Experimental cores were drilled from a homogeneous block and dried overnight in 
an oven. Then these cores were evacuated and saturated with 1% NaCl solution. After 
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measuring the permeability and porosity, the cores were constructed into POF models. The 
schematics are shown in Figure 1. To create a POF, a core was cut lengthwise to a designed 
length (shorter than the 16.0 cm) using a band saw. The cut part of the core was divided 
into two halves. One of the halves was removed from the core by cutting through the 
connecting part. This step aimed at opening the fractured core and inspecting the placed 
PPG after all core flooding procedures. All the cutting surfaces were washed by brine 
gently to remove rock grains. The cut piece was placed back to its original place. Two 
rectangular stainless steel plates were glued at the edges of the cutting area, highlighted in 
the figure. The steel plates have a low compressibility and were used to control the aperture 
of fracture. The smaller aperture of the fracture is named fracture height, while greater 





a. Fracture construction 
 
b. Re-assemble fractured core 
 
Figure 1. Manufacture of partially open fracture models. 
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3.2. CORE FLOODING EXPERIMENTS 
A reassembled core was placed in a Hassler type core holder and was immobilized 





Figure 2. Schematic of core flooding setup. 
 
 
A pre-PPG/first water flooding was conducted through the core to determine a 
stable water-injection pressure, with a direction from the fracture open inlet to the dead 
end. Then the fully swollen PPG was injected with the pressure provided by a syringe 
pump, through a stainless steel accumulator. The PPG was also injected from the open 
inlet. Because the injection pressure of PPG would increase to any designated value with a 
continuous placement, the injection was stopped at the moment when a designated pressure 
was reached at the pressure sensor. The designated pressure, which is called placing 
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pressure, was 1000 psi for all experiments [27- 29]. Before the post-PPG/second water 
flooding, the lines connecting the accumulator and the core holder were cleaned with both 
water and air. Then the flooding water was injected into the fracture model. The injection 
was stopped when the measured pressure stabilized for a few pore volume (PV). All 
injection processes were performed with an injection rate of 1 mL/min. Pressure was 
recorded for further calculation and analysis during injection processes.  
3.3. RE-SWELLING EXPERIMENTS 
A pre-PPG water flooding and a PPG injection process were conducted in POF 
models, independently from the core floodings described previously. The models were 
taken out from the core holder after the two procedures. The core was disassembled and 
the placed PPG sample was collected for re-swelling. All PPG that could be collected from 
a fracture was collected and weighed on a scale. Then the PPG was fully swollen in 1% 
NaCl solution and weighed again after removing the free water. The PPG was dried at 23°C 
for 7 days and weighed for a third time. The second and third weight measurements were 
used to calculate the re-swelling and ultimate swelling ratio respectively. To eliminate the 
error caused by NaCl that dissolved in PPG solvent (brine), the sample was immersed in 
enough distilled water before drying. The re-swelling experiments was repeated three times 







4. RESULTS AND ANALYSIS 
 
This section provides and analyzes the results gained from core flooding 
experiments and re-swelling experiments. First, the general pressure behavior of PPG 
placement and water floodings in a POF were described in details. Then the effect of 
fracture length, fracture height, permeability of matrix adjacent the fracture, and residual 
oil on the PPG treatment were discussed respectively. The PPG treatment was 
characterized from the aspects of PPG-injection pressure, placement volume, PPG 
dehydration, water breakthrough pressure, and residual resistance factor (Frr) to water.  
4.1. PPG TREATMENT IN PARTIALLY OPEN FRACTURE  
In order to investigate the general behavior of PPG treatment in a POF, a core 
flooding experiment including pre-PPG water flooding, PPG injection, and post-PPG water 
flooding procedures was conducted. The length of the POF was 8.0 cm, which equaled half 
length of the whole sandstone core. The height of the POF, which was controlled by the 
thickness of stainless steel plates, was 0.05 cm. The width of the POF was the diameter of 
the core, 2.5 cm. The placing pressure of PPG injection was 1000 psi. The pressure 
recorded at the pressure sensor was shown in Figure 3.  
As shown in Figure 3, pre-PPG water-injection pressure increased to approximately 
55 psi in the first 10 FV, and then decreased to 10 psi at 55 FV. This pressure behavior was 
caused by the two-phase flow in the fractured core, with both air originally existed in the 
fracture and injected water. The pressure stabilized at around 10 psi in the late stage of pre-
PPG water flooding. The void POF had a significantly high permeability. So most of the 
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10 psi, as the pressure drop across the whole fractured core, was built by the water flow 
through the intact core section behind the POF section. During the PPG placement, the 
pressure slowly increased in the beginning, especially between 78 to 85 FV. The pressure 




Figure 3. Injection pressure of core flooding processes.  
 
 
During the very early stage, especially when PPG did not reach the fracture tip, it 
was displacing the water in the fracture. When the PPG has occupied the whole POF space, 
the injection could not push the PPG forward because of the fracture tip. It is revealed that 
the PPG was dehydrated by the pressure difference between injection pressure and pressure 
in the matrix [20]. Figure 4 shows the mechanism of PPG dehydration in the fracture. The 
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direction of pressure difference may vary depend on the location of the gel particle. 
Because the PPG was dehydrated less in the early stage of injection, due to the relatively 
low pressure difference between fracture and matrix. The less dehydrated PPG had a 
relatively low elastic modulus, which meant that it had less resistance to be deformed when 
the pressure was applied on it [30, 31]. So the slope of the early PPG injection pressure 
was low. The PPG was dehydrated gradually during the entire injection process with the 
change of pressure difference. From 85 to 94 PV, The slope of injection pressure increased 
faster because of the elastic modulus increase of PPG and the stronger resistance that the 
placed PPG formed to water flow. It is believed that the causes for the growing resistance 
included (1) more volume placed PPG that could narrow the water flow path, (2) the gel 
filter cake that formed on the surface of fracture, and (3) the permeability reduction caused 
by invasion of PPG into the core matrix. During the entire PPG placement, from 78 to 94 









Post-PPG water-injection pressure was shown in Figure 3, starting from 94 FV. The 
water-injection pressure increased to 1060 psi in the first 3 FV. No effluent was observed 
during this time period, which meant that the placed PPG fully blocked the fluid flow 
through the fracture. Then a significant decrease was detected on the pressure, where the 
pressure decreased from 1060 psi to 920 psi in 4 FV, and gradually to 728 psi in the 
following 17 FV. The pressure decrease indicated that the injected water broke through the 
packed PPG. The breakthrough pressure was 1060 psi. When injection pressure went 
beyond the breakthrough pressure, placed gel particles became mobile and were pushed 
aside by injected water. The movement of placed PPG resulted in wormholes with 
considerably high permeability. From 137 FV, the water-injection pressure stabilized at 
about 678 psi. The stable pressure for the post-PPG water flooding was much higher than 
the stable pressure for the pre-PPG water flooding. The cause was the extra pressure drop 
built by placed PPG, gel filter cake on the fracture surface, and PPG invasion in the facture 
surface area.  
To better characterize the plugging performance of placed PPG, residual resistance 
factor of PPG was calculated based on the stable pressure of water floodings. The residual 




                                                       (1) 
where the 𝑃𝑝𝑜𝑠𝑡−𝑃𝑃𝐺  and 𝑃𝑝𝑟𝑒−𝑃𝑃𝐺  are the stable injection pressures in post-PPG water 




4.2. EFFECT OF FRACTURE LENGTH ON PPG TREATMENT  
Three experiments were performed to investigate the effect of fracture length on 
the PPG treatment. The partially open fractures in these experiments had dimensions of 4.0 
cm (L) x 2.5 cm (W) x 0.05 cm (H), 8.0 cm x 2.5 cm x 0.05 cm, and 12.1 cm x 2.5 cm x 
0.05 cm, respectively. The PPG injections in the three experiments had the same placing 
pressure, 1000 psi. The PPG-injection pressure in POFs of different lengths are shown in 




Figure 5. PPG-injection pressure in POFs of different lengths.  
 
 
In Figure 5, the pressure curves in three experiments had very similar tracks during 
the entire injection. For all the three curves, the pressure increased slowly in the first 6 FV, 
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and then increased faster in the middle and late stages. The increase speed change was 
caused by the increasing dehydration of PPG, which was explained previously. The actual 
placement volume of PPG in milliliter were 12.6, 25.8, and 39.1 mL in POFs that were 4.0, 
8.0, and 12.1 cm long, respectively. However, the PPG placement volume in FV were close 
to each other even the fracture dimension varied. The placement FV were 25.1, 25.8, and 
25.9 FV from shorter fracture to longer ones. It is concluded that the PPG placement FV 
was insensitive to the fracture length. The PPG-injection pressure behavior had a consistent 
correlation with placement FV in POFs that only differed in length.  
Studies show that gel dehydration and concentration under pressure are the major 
causes for more than one FV of gel being placed in a single fracture space [21]. Re-swelling 
experiments were conducted in order to demonstrate and quantify the placed PPG 




                                            (2) 
where 𝑊𝑟𝑒−𝑠𝑤𝑜𝑙𝑙𝑒𝑛 is the weight of PPG after re-swelling, and 𝑊𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 is the weight 
of dehydrated PPG collected from the POFs. It has been revealed that the experimental 
PPG product had a constant swelling capacity before and after dehydrating. Based on this 
special property, if the dehydrated PPG had a higher measured re-swelling ratio, it was 
dehydrated more during the placement. To verify the re-swelling property of placed PPG, 
ultimate swelling ratio was tested and calculated in the following equation: 
𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =
𝑊𝑟𝑒−𝑠𝑤𝑜𝑙𝑙𝑒𝑛
𝑊𝑑𝑟𝑖𝑒𝑑
                                      (3) 
where 𝑊𝑑𝑟𝑖𝑒𝑑 is the weight of PPG dried for 7 days after removing NaCl by diluting. If the 
ultimate swelling ratio of the dried PPG was approximately 33.5, which was the original 
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swelling ratio of PPG in 1% NaCl solution, the PPG maintained its re-swelling property. 
Thus, the measured re-swelling ratio was accurate.  
The re-swelling results in the POFs with lengths, 4.0, 8.0, and 12.1 cm, were shown 
in Figure 6. Error bars were added based on the repeated experiments. Previous study 
reported that the PPG dehydrated evenly along the long axis of the POF, at a designated 
placing pressure [28]. Therefore, the re-swelling ratio and ultimate swelling ratio were the 
comprehensive values of PPG in the entire POF. As shown in Figure 6, the re-swelling 
ratios of placed PPG were 5.5, 5.6, and 5.8 in POFs with length of 4.0, 8.0, and 12.1 cm. 
The re-swelling ratio results with error bars largely overlapped each other, which meant 
that the results in three POFs were approximately equaled. The re-swelling results were 
verified by the ultimate swelling ratios that were around 33.5. It could be concluded that 
the dehydration of PPG placed at the same placing pressure was not apparently affected by 




Figure 6. Results of PPG re-swelling experiments in POFs with different lengths.  
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Two water floodings both pre-PPG and post-PPG were conducted in POF models 
to test how the fracture length influenced the plugging performance. The results of water 
floodings are shown in Table 1. Stable injection pressure for water floodings, breakthrough 
pressure of placed PPG, and the calculated Frr based on Eq. (1) are listed in the table. The 
stable water-injection pressure for pre-PPG stage was 16.3 psi, for the shortest POF, 4.0 
cm. The value was higher than the 10.0, and 6.8 psi in other two models. Because most of 
the injected water flew first through the POF and then the intact core section. The pressure 
drop across the POF was approximately 0. Most of the pressure drop measured at pressure 
sensor was built along the intact core section. The stable pressure in pre-PPG water 
flooding decreased with the increase of fracture length.  
 
 
Table 1. Results of water floodings in POFs with different lengths.   
Fracture Length 
(cm) 










4.0 16.3 1022 634.1 38.9 
8.0 10.0 1060 677.8 67.8 
12.1 6.8 1050 693.4 102.0 
 
 
During post-PPG water flooding, the stable water-injection pressure showed a 
slight increase of the three values, 634.1, 677.8, and 693.4 psi. The three experiments had 
the similar PPG placement situation, considering the placement FV and dehydration level. 
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If we assume that the PPG filter cake and gel invasion were the same in three experiments, 
the PPG placed in the POF performed higher resistance to the water flow, compared to the 
core section. As a result, the calculated Frrs, which were 38.9, 67.8, and 102.0, increasing 
with the fracture length. Oppositely to the pre-PPG water flooding, when the POF was 
longer, the overall plugging performance was improved. In other words, the PPG treatment 
could achieve better plugging performance in “healing” the areas with greater 
heterogeneity due to the fracture length.  
4.3. EFFECT OF FRACTURE HEIGHT ON PPG TREATMENT  
The fracture height in this study represents the aperture between the fracture 
surfaces. It can be generalized as the shorter side of the fracture cross-section, which is 
perpendicular to the fracture extension direction. Two additional cores with POFs of 
different heights were manufactured and used as experimental models. The dimensions of 
the two POFs were 8.0 cm (L) x 2.5 cm (W) x 0.10 cm (H) and 8.0 cm x 2.5 cm x 0.16 cm. 
The PPG-injection pressure was shown in Figure 7.  
As shown in Figure 7, the pressure behaviors were majorly differed in the PPG 
placement FVs that was placed to reach 1000 psi. According to the curves, the slope of 
PPG-injection pressure evidently increased at approximately 2.5, 3.9, and 5.4 FV, for POFs 
with heights of 0.16, 0.10, and 0.05 cm, respectively. When the pressure reached 1000 psi, 
placement volume were 11.8, 13.9, and 16.0 FV. The re-swelling results of placed PPG 
were shown in Figure 8. 
As shown in Figure 8, the PPG dehydrated the most in the POF with a height of 
0.05 cm. With the increase of fracture height, the placed PPG dehydrated less. It was 
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noticed that a layer of PPG filter cake attached to the surface of fracture. This layer of cake 
was composed of highly dehydrated gel particles. Because of its location to the fracture 
surface, the particles in the filter cake area dehydrated earlier and then weakened the water 
loss of the PPG further from the surface. Considering the same fracture surface areas in 
three POFs, it is believed that the highly dehydrated PPG cakes had similar volume in 
milliliter. Thus, if the fracture had a larger height, the volume of less dehydrated PPG could 
be higher. As a result, the overall dehydration of placed PPG was less in fractures with 
larger height. Less placement FV was needed to reach a designated placing pressure. In 
addition to the above analysis, it is concluded that the placement PPG volume in FV had a 









Figure 8. Results of PPG re-swelling experiments in POFs with different heights.  
 
 
Table 2 shows the results of water floodings conducted in POFs with different 
fracture heights. The breakthrough pressure, 1060, 1026, and 932 psi, showed a slight 
decrease trend when the POF had a greater height. However, the stable pressures for both 
pre- and post-PPG water floodings did not show an evident change. Therefore, the 
calculated residual resistance factors in the three models were approximately the same. 
They were 67.8, 61.1, and 65.7. Seright [23] addressed that the blocking performance of a 
mature Cr(III)-acetate-HPAM gel was strongly affected by the width/height of open 
fractures. According to his results, the wormholes created in gel bulk had a diameter 
positively related to the fracture width/height, which meant a poorer plugging performance 
when the fracture was wider. If we assume that wormholes formed in partially open 
fractures also had a diameter increasing with the increased of fracture height, the equivalent 
permeability of these wormholes was not determinate to the PPG plugging performance, 
based on the fact that Frrs were not sensitive to the height. Instead, the formed gel filter 
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cake and PPG invasion into the porous rock were more important to the plugging. Due to 
the similarity of placing pressure and fracture surface area, the two elements were 
reasonably the same in the POFs that only differed in height. Therefore, the fracture height 
did not show a considerable effect on the Frr of placed PPG.  
 
 
Table 2. Results of water floodings in POFs with different heights.   
Fracture 
Heights (cm) 










0.05 10.0 1060 677.8 67.8 
0.10 11.6 1026 708.6 61.1 
0.16 10.6 932 696.5 65.7 
 
 
4.4. EFFECT OF MATRIX PERMEABILITY ON PPG TREATMENT 
The permeability of porous matrix is another important parameter to the PPG 
treatment conducted in a partially open fractures. Cores with permeabilities of 5.4, 50.3, 
and 521.6 md were manufactured into partially-open-fracture models. The dimensions of 
the all POFs were around 8.0 cm (L) x 2.5 cm (W) x 0.05 cm (H). The PPG-injection 
pressure curves are shown in Figure 9. The results of re-swelling ratio and ultimate swelling 





Figure 9. PPG-injection pressure in POFs with different matrix permeabilities.  
 
 
The PPG-injection pressure in 522 md-permeability core had a lower slope, 
compared to the 50 md-permeability core. It is reported that if PPG was injected to two 
cores under the same placing pressure, the core had a higher permeability would still 
maintain a comparably higher permeability after the PPG placement [33]. Thus, the intact 
core section that had a 522 md permeability performed less resistance to the dehydrating 
water. The dehydrating water could flow easily through the intact core section. In the later 
stage of injection, the water flow faced increasingly stronger resistance as the gel cake 
building up, so the increase speed of injection pressure gradually accelerated. When the 
pressure reached 1000 psi, 18.3 FV PPG was placed.  
It could be concluded that the matrix permeability affected the dehydration speed 
of placed PPG because of its capacity to drain the dehydrating water and its remaining 
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permeability during PPG placement. However, it is reported that the mature Cr(III)-acetate-
HPAM gel dehydration was not sensitive to the matrix permeability when being injected 
into an open fracture, because the core could adequately and immediately drain the 
dehydrating water [21]. In contrast to the steady state in open fractures, the dehydration of 
PPG in POFs developed with the injection pressure increase. Moreover, when a high FV 
of gel was concentrated in the POF space without extrusion, the dehydrating water flowing 
became more time-consuming and largely depended on the permeability of matrix. When 
matrix permeability was higher, the PPG dehydration became more significant. 
Consequently, more FV of PPG was placed under the same placing pressure. 
The PPG invasion into porous matrix was the other reason for the placement FV 
difference in POFs with different permeabilities. After collecting PPG from the fractures, 
the core was dried and weighed to measure the weight increase before and after PPG 
placement. The dry weight of PPG that penetrated into the matrix was calculated according 
to the weight increase. Thus, the fully-swollen PPG weight and volume was also derived 
from the dry weight. The invading PPG volume were approximately 1.4 , 0.7, and 0.2 FV 
in cores with permeabilities from high to low. This trend matched the result that invading 
PPG volume increased significantly with the increase of matrix permeability [33]. Thus, 
compared to the PPG invasion, the dehydration level of placed PPG was the more dominate 
cause that led to the placement volume difference.  
The re-swelling ratios were approximately 1.27, 5.64, and 7.39 in cores with 
permeabilities of 5, 50, and 522 md. The PPG placed in POFs with higher matrix 
permeability dehydrated more times. This result confirmed that the PPG placement FV 








The results of water floodings were shown in Table 3. In the table, no detectable 
breakthrough pressure was measured during the post-PPG water-injection when matrix 
permeability was 5.4 md. Based on the fact that PPG was loosely packed in this fracture, 
the breakthrough pressure could be very low and difficult to recognize. In the other two 
POFs with matrix permeabilities of 50.3 and 521.6 md, the breakthrough pressure increased 
with the tighter pack of PPG, when the matrix permeability increased.  
The stable water-injection pressure after PPG placement decreased with the 
increase of matrix permeability. Because through the PPG placement could largely reduce 
the overall permeability, but it did not presumably reverse the permeability order between 
two cores. The calculated Frr were 21.4, 67.8, and 180.0 in the three experiments, 
indicating that the plugging performance was better for more concentrated PPG in POF 
model with higher matrix permeability.  
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Table 3. Results of water floodings in POFs with different matrix permeabilities.   
Matrix 
permeability (md) 










5.4 103.3 - 2208.6 21.4 
50.3 10.0 1060 677.8 67.8 
521.6 2.6 1236 468.0 180.0 
 
 
4.5. EFFECT OF RESIDUAL OIL ON PPG TREATMENT 
In field application, PPG is mostly placed in an environment with both water and 
oil. An experiment using oil (26.5 cp at 23 °C) was conducted to explore the effect of oil 
on PPG treatment in a partially open fracture. The sandstone core was initially saturated 
with oil before constructing the partially open fracture. The dimensions of the POF were 
8.0 cm (L) x 2.5 cm (W) x 0.05 cm (H), same to the one used as the comparative experiment 
without oil. A water flooding was performed in the fractured core at 1 mL/min, until 
residual oil saturation was reached. Then PPG was injected to a placing pressure of 1000 
psi. The injection pressure is shown in Figure 11.  
In Figure 11, the two curves, showing PPG-injection pressure in POFs with and 
without residual oil, have the similar behaviors in both the trend and slop. The pressure 
increased slowly in the early stage of the injections, because of gradual compaction and 
dehydration of placed PPG. Then the pressure increased faster and reached 1000 psi. 
However, it is noticed that the pressure with residual oil started to speed up at around 3.8 




Figure 11. PPG-injection pressure in POFs with and without residual oil.  
 
 
Two reasons could have caused this difference. The first possible reason is that the 
oil in the water-wet porous matrix considerably reduced the effective permeability to water. 
According to the correlation between matrix permeability and PPG placement derived from 
last subsection, the PPG dehydration was weakened at the residual oil situation. This 
explanation was also supported by the 1.0 FV less in PPG injection, shown in Figure 11. 
The second possible reason is that the placed PPG was dehydrated by the oil remaining in 
the core system, based on the observation that the water-swollen PPG shrank when the 
solvent switched to oil. Other studies also revealed that the oil injection could lead to 
dehydration of placed gel [34, 35]. The dehydration of PPG initiated from the first FV 
during injection. Compared to the pressure difference between fracture and matrix, which 
usually caused apparent dehydration only when it became considerably high, the oil 
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contributed to most dehydration in the early stage and made the increase of the pressure 
earlier. When the oil that contacted with PPG was swept in the middle and late stages, the 
oil became negligible compared to the high pressure gradient in causing the dehydration of 





Figure 12. Results of PPG re-swelling experiments in POFs with or without residual oil.  
 
 
The re-swelling ratio of PPG with or without residual oil was shown in Figure 12. 
The PPG re-swelling ratio with residual oil was 5.26, which approximately equaled the 
value without oil. Though oil might dehydrate placed PPG, it was considerable only in the 
very early placement stage and was insignificant compared to the dehydration by pressure 
difference. In the middle to late stage of placement, the residual oil affect the 
placement/dehydration more with its reduction of water effective permeability in the 
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matrix. As the oil and pressure difference worked simultaneously, the overall dehydration 
levels of the PPG placed in two situations were similar to each other. 
Table 4 shows the results of water injection in the two experiments. For pre-PPG 
water floodings, the stable injection pressure was lower without oil. The reason was 
mentioned above as that the oil reduced the permeability of porous matrix. The reduced 
permeability also played a role in differing the stable pressure of the post-PPG water 
floodings, where the pressure without oil was lower than the one with residual oil. It is 
showed that whether the system had residual oil did not affect the breakthrough pressure 
apparently, when the PPG placement volumes were similar (15.0 FV and 16.0 FV). 
According to the table, a greater Frr was gained in the POF model without residual oil.  
 
 
Table 4. Results of water floodings in POFs with and without oil.   
Oil Condition 










Residual oil  23.7 1036 766.3 32.3 
No oil 10.0 1060 677.8 67.8 
 
4.6. CORRELATION BETWEEN PPG PLACEMENT FV AND DEHYDRATION 
LEVEL 
Figure 13 demonstrate the correlations between PPG placement FV and 
dehydration level, which was shown by the re-swelling ratio. In experiments of all 
influencing factors, the dehydration level of placed PPG positively related to the placement 
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volume in FV. This trend was specifically obvious when the placement FV was sensitive 








On the contrary, the actual placement volume in mL did not have a consistent 
correlation with the re-swelling ratio, especially when the partially open fractures varied in 
height. When fracture height increased from 0.05 mm to 0.16 mm, the placement FV 
decreased from 16.0 FV to 11.8 FV, while the placement volume in mL increased from 
16.0 mL to 37.8 mL. With the increment of fracture height, the re-swelling ratio decreased 
from 5.6 to 4.2. So the re-swelling ratio increment was determined by the change of 





 In partially open fractures, the PPG with a volume up to 18 FV could be placed 
under a 1000 psi placing pressure. The placed PPG resisted the water flow 
benefiting from its tight packing, gel filter cake and invasion into the rock, 
simultaneously.  
 The PPG placement volume in FV was independent of the fracture length. On the 
contrary, less FV of PPG was injected to reach 1000 psi when the POF has a greater 
height.  
 More FV of PPG was placed in the POF adjacent to matrix with a higher 
permeability. The causes include the contribution of higher matrix permeability to 
PPG dehydration, and the invasion of PPG into the rock.  
 The residual oil in POF model led to a PPG placement FV slightly less than the 
situation without oil. The oil could dehydrate the PPG, however, the pressure 
difference was the dominate reason.   
 The average dehydration level of PPG in POFs significantly depend on its 
placement volume in FV. It positively related to the PPG placement FV in all 
conducted experiments.  
 The PPG placement resulted in a higher residual resistance factor when the fracture 
was longer. In contrast, the POF height did not show an obvious effect on the Frr 
to water. When the core matrix had a lower permeability or residual oil existed in 






PPG                = preformed particle gel 
FV    = fracture volume 
PV  = pore volume 
Frr        = residual resistance factor 
𝑃𝑝𝑜𝑠𝑡−𝑃𝑃𝐺 = stable pressure of post-PPG water flooding 
𝑃𝑝𝑟𝑒−𝑃𝑃𝐺 = stable pressure of pre-PPG water flooding 
𝑊𝑟𝑒−𝑠𝑤𝑜𝑙𝑙𝑒𝑛     = weight of re-swollen PPG, g 
𝑊𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑    = weight of dehydrated PPG, g 
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ΙΙΙ. AN INVESTIGATION OF CO2-RESPONSIVE PREFORMED PARTICLE 
GEL FOR CONFORMANCE CONTROL OF CO2 FLOODING IN RESERVOIRS 
WITH FRACTURES OR FRACTURE-LIKE CHANNELS 
ABSTRACT 
Gel treatment is an important technique to solve the early CO2 breakthrough and 
excess CO2 production problems, caused by the low viscosity and low density of CO2, as 
well as the heterogeneity of reservoirs with fractures or fracture-like channels. However, 
there is no reported work on the gel that increases its volume after reacting with CO2, which 
is termed CO2-responsive gel, for the conformance control of CO2 flooding. In this paper, 
the intrinsic properties of a CO2-responsive preformed particle gel (CR-PPG) were 
evaluated under a water-supercritical CO2 (scCO2) environment in high-pressure vessels. 
Continuous scCO2 injection and CR-PPG treatment were conducted in fractured sandstone 
cores, to probe its plugging performance to scCO2 flow in a high-permeability-contrast 
system. The volumetric swelling ratio of the CR-PPG increased to approximately two times 
in the presence of scCO2, compared to the sample under similar conditions in the absence 
of scCO2. The CR-PPG swelling ratio decreased with the increase in NaCl concentration. 
Under the same condition, the temperature did not have an apparent effect on the swelling 
ratio after 31 days of swelling. In core flooding experiments, the placed CR-PPG could 
resist a considerable pressure up to 617.0 psi before breakthrough. After a shut-in process, 
the CO2 breakthrough pressure was detected at 437.2 psi. It is observed that the shut-in 
process improved the plugging performance of CR-PPG to CO2 as revealed by the residual 
resistance factor increase. Controlling the shut-in time was found effective to augment the 
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residual resistance factor increase, by increasing the volumetric swelling ratio of placed 
CR-PPG. Resistance of CR-PPG to some real field challenges, including high pressure 





CO2 flooding, as one of the most widely used enhanced oil recovery (EOR) 
methods, has been applied in light or medium oil reservoirs during the last few decades, 
especially in the United States. The effectiveness of residual oil reduction and the 
environmental advantage of using CO2-EOR as a storage option of the greenhouse gas 
make CO2 employment important in petroleum industry (Ghedan, 2009; Alvarado and 
Manrique, 2010; Cao and Gu, 2013). Continuous CO2 injection, water-CO2 mixture 
injection, CO2 followed by continuous water injection, and water-alternating-CO2 injection 
are the commonly used CO2 flooding techniques. In terms of CO2 miscibility, CO2 flooding 
can be categorized into miscible, near-miscible, and immiscible processes in the field and 
the laboratory (Ghedan, 2009; Verma, 2015). Injected CO2 turns into supercritical fluid 
when the reservoir pressure and natural/artificial temperature are equal to or greater than 
the critical pressure and temperature (87.98 °F and 1071.8 psi). Continuous scCO2 flooding 
can benefit the displacement efficiency with its liquid-like density, by weakening the 
gravity overriding behavior. Moreover, the low surface tension and high molecular 
diffusivity of scCO2 could facilitate the mixing with oil, thus reduce the density and 
viscosity of oil (Hussain, 2014).  
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However, CO2 flooding faces unfavorable oil recovery enhancement due to 
challenges, such as early CO2 breakthrough and excess CO2 production. The undesired 
injection profile, undesired mobility ratio, gravity overriding of CO2, as well as the 
considerable permeability contrast of heterogeneous formation lead to economically 
infeasible oil production (Steinsbø et al., 2014). Zhou (2015) conducted dual-core flooding 
experiments to study how the permeability contrast and CO2 mobility affected the oil 
recovery of scCO2 injection, following seawater floodings. He reported that the lower 
permeability zone was poorly swept by the scCO2, caused by the bypassing of injected 
fluids. Fullbright et al. (1996) investigated the conformance improvement of a water-
alternating-gas (WAG) CO2 project in Rangely Weber Sand Unit. They reported that the 
directional water and CO2 breakthrough trend, due to natural fractures, was one of the 
important factors accounted for the unfavorable oil recovery enhancement.  
Gel treatment has been performed effectively for conformance control in both water 
flooding (Seright and Liang, 1994; Zaitoun et al., 2007; Bai et al., 2013) and CO2 flooding 
(Woods et al., 1986; Seright, 1995; Hild and Wackowski, 1999). Taabbodi and Asghari 
(2004) evaluated two polyacrylamide-Cr(Ⅲ) gel systems in CO2 flooding experiments at 
1200 psi and 40 °C. They found that the placed gel could significantly reduce the 
permeability of porous media to CO2. Chakravarthy et al. (2006) utilized X-ray computed 
tomography (CT) scan to determine the oil distribution in a fractured core at different 
injection rates of a CO2 flooding. They proved that a cross-linked gel, containing guar and 
borate cross-linker, was effective for improving the sweep efficiency of CO2 injection. 
Syed et al. (2014) conducted CO2 flooding experiments to evaluate a gel system that 
contained a polymer and a Cr(ΙΙΙ)-acetate cross-linker in fractured cores. They reported 
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that 90% of the fractured core permeability was reduced by the gel system, at 20 °C, 40 °C, 
and 80 °C, with a pressure of 1200 psi.  
However, conformance control of a scCO2-EOR process is a challenging task for 
most gels, due to low pH and high pressure under the scCO2 condition (Velada et al., 1998; 
Sun et al., 2018). Raje et al. (1996) evaluated a CO2-neutralized β-1,3-polyglucan 
biopolymer and an organic gel system that was based on the sulfomethylated resorcinol 
and formaldehyde for conformance control during CO2 flooding. The two in-situ gelation 
systems were reported to be stable in a scCO2 condition and effective in the permeability 
reduction. Although preformed particle gels (PPGs) have been successfully applied for 
controlling the conformance in water and polymer flooding, no research has been reported 
about whether there is a PPG technology available to control excess CO2 production by 
efficiently plugging the fractures in reservoirs. A CO2-responsive preformed particle gel 
was newly developed for the conformance control of CO2 flooding that was conducted in 
the reservoirs with fractures or fracture-like channels. This study was performed to evaluate 
the CO2-responsive behavior of the CR-PPG and investigate its plugging performance to 
CO2 flooding in fractures.  
In this paper, the intrinsic properties of the CR-PPG, including swelling ratio and 
elastic modulus, were tested in the water and water-CO2 conditions. The CO2-responsive 
behavior was described based on the intrinsic properties. According to the core flooding 
experiments, the CO2 plugging performance was quantified in terms of residual resistance 
factor. Designed shut-in processes were tested and optimized for improving the plugging 
performance of CR-PPG. The long-term stability and resistance to high pressure gradient 
and CO2 were also provided.  
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2. EXPERIMENTAL MATERIALS AND INSTRUMENTS 
 
CO2-Responsive Preformed Particle Gel. The hydrogel was based on 
hydrophobically modified CO2 sensitive moieties within the network. Under the 
supercritical CO2 conditions, where the pH of the water is approximately ~3.0, the 
hydrogels experience an increase in the swelling capacity. The physical appearance of the 
dry and swollen CR-PPG samples is shown in Figure 1.  
 
 
     
a. Dry CR-PPG sample                             b. CR-PPG sample swollen in brine 
 
Figure 1. Appearance of dry and swollen CR-PPG. 
 
 
Carbon Dioxide. The CO2 used in the experiments was the research 4.0 grade 
carbon dioxide from Airgas (99.999%). The critical temperature and pressure of CO2 are 
known as 87.98 °F (31.1 °C) and 1071.8 psi (7.39 MPa).  
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Sandstone Core. Cylindrical Berea sandstone cores with brine permeabilities, 
50±4.5 millidarcy, and porosity around 18.5%, were used for core flooding experiments. 
All cores were approximately 16.0 cm in length and 2.5 cm in diameter.  
High-Pressure Vessels. High-pressure vessels composed of two lids, a chamber 
(containing tube), a pressure gauge, and a valve were used as the container and the reactor 
for CR-PPG and CO2 (Sun et al., 2018). The high-pressure vessel has a capacity of 
approximately 200 mL and can resist a pressure up to 2800 psi at 65 °C.  
 
3. EXPERIMENTS DESIGN AND PROCEDURES 
3.1. SWELLING TESTS  
Dry CR-PPG with a particle size ranging from 0.43 mm to 0.85 mm was selected 
for the swelling tests. Table 1 summarizes the parameters that were investigated and had 
some influence on the swelling behavior of CR-PPG. The swelling kinetics and equilibrium 
volumetric swelling ratio were measured. In the control experiments without CO2, 5 mL 
dry CR-PPG was immersed in 45 mL brine in the test tubes at atmosphere pressure. After 
a certain time period, the volume of CR-PPG was measured in a graduated cylinder. The 
volume of swollen CR-PPG was recorded as scheduled until the volume did not change. 




                                                  (1) 
where 𝑉𝐴𝑓𝑡𝑒𝑟 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔  is the volume of CR-PPG after a specific swelling time, and 




Table 1. Tested factors in high-pressure vessel tests. 
Condition Investigated Factors Designated Values 
Without CO2 
Salinity  

























To explore the effect of scCO2 on the swelling behavior of CR-PPG, 5 mL water-
fully-swollen CR-PPG was immersed in 120 mL brine with a designated salinity, in a high-
pressure vessel. The scCO2 was injected into the vessel through the valve, then the vessel 
was sealed. The sealed vessels were kept in ovens at designated temperatures. The pressure 
inside the vessels was controlled at 1400 psi. After the pre-designed time period, the vessels 
were depressurized in the ovens and the samples were taken out for volume measurement. 
The pressure was released at a rate that was tested to have negligible impact on the volume 
of CR-PPG. The depressurization time was around 15 minutes, which could avoid the 
volume change due to sudden pressure reduction and measurement inaccuracy caused by 
an excessively long depressurization time. 
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3.2. RHEOLOGY MEASUREMENTS  
A Haake MARS Ⅲ rheometer from Thermo Fisher Scientific Inc. was used for gel 
rheological property measurement (Wang et al., 2017). The swollen CR-PPG sample was 
placed on the measuring plate and measured with a parallel-plate geometry (P35 Ti L). The 
measuring gap was set at 1 mm. The shear elastic modulus (G’) of the swollen gel was 
measured using oscillation time-dependent experiments at a frequency of 1 Hz. Each 
sample was measured five times.  
3.3. CO2 FLOODING EXPERIMENTS  
To evaluate the CR-PPG plugging performance to CO2 in the fractures, core 
flooding tests were conducted using constructed fractured cores. The experimental set-up 
is shown in Figure 2. The set-up majorly contained one syringe pump, three accumulators, 
one Hassler type core holder, two pressure sensors, and a back-pressure regulator. The 
cylindrical Berea sandstone cores drilled from a homogeneous rock block were dried, 
evacuated, and saturated with 1% NaCl brine. The permeabilities and porosities were 
measured. The cores were cut lengthwise into two same halves through the axis of the 
cylinder. Two rectangular stainless steel plates with dimensions of 16 cm x 0.075 cm x 
0.05 cm were glued onto the longer edges of the fracture with epoxy. The stainless steel 
plates maintained the fracture width at 0.05 cm. Then the two halves of the cut core were 
re-assembled as a whole fractured core. The core was stabilized with epoxy. The schematic 






Figure 2. Schematic of CO2 flooding setup. 
 
 
CR-PPG placement and scCO2 floodings were conducted with a system pressure of 
1100 psi, which was built by the back-pressure regulator. CR-PPG with a particle size 
ranging from 0.10 mm to 0.13 mm was fully swollen in 1% NaCl. Free water was removed 
from the gel using a stainless steel sieve. The prepared CR-PPG, at a calculated 
concentration of 8.69%, was injected at 1 mL/min to the fractured core. The gel placement 
was continued until a designated placing pressure (a differential pressure across the 
fractured core) was reached, which was 1000 psi (Alhuraishawy, 2017; Wang and Bai, 
2018). The tubes and fittings connecting the core holder with accumulators and back-
pressure regulator were cleaned with water and air. The ends of core were not specifically 
cleaned after gel placement. Heating pads were attached to accumulator, core holder, and 
back-pressure regulator, in order to provide the temperature needed to keep CO2 in a 
supercritical condition. All core flooding procedures were conducted at 60 °C.  
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Supercritical CO2 was initially injected using stable-pressure method to measure 
the breakthrough pressure of the placed CR-PPG. In more details, the scCO2 injection 
pressure was first set at 10 psi. If no pressure change or fluid production was detected in 5 
minutes, which meant the placed gel could hold the current pressure, the set pressure would 
increase a designated value, for example, 10 psi. The breakthrough pressure was 
determined when the pressure dropped significantly or the fluid largely produced from the 
outlet. The highest pressure reached was the gel breakthrough pressure, which was the 
maximum injection pressure that the placed gel could resist. The gradual pressure increase 
was controlled by the syringe pump. After the breakthrough, the scCO2 injection rate was 
changed to 1.75 mL/min, then 1.25, 0.75, and 0.50 mL/min, to measure the stable injection 
pressure at each rate. These pressure measurements were used for calculating the post-gel 
permeability of fractured core to scCO2 flow. When scCO2 injection processes completed, 
2 pore volume (PV) of 1% NaCl solution was injected into the fractured core system, in 
order to create a water-CO2 condition. A shut-in process were conducted that the two valves 
on both sides of the core holder were shut off to maintain the required pressure and a stable 
environment. After the shut-in of a designated time period, the supercritical CO2 was re-
injected to detect a breakthrough pressure using the stable-pressure method. Stable 
pressures were also measured at different injection rates for calculating permeability.  
 
4. RESULTS AND ANALYSIS 
 
This section discusses the results of CR-PPG swelling properties in water-only and 
water-CO2 conditions. Factors that might influence the swelling behavior were analyzed, 
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including salinity and temperature. Plugging performance of the gel were investigated in 
terms of breakthrough pressure and residual resistance factor. The CR-PPG plugging 
performance modification by adding a shut-in process and controlling shut-in time were 
also studied. Additionally, CR-PPG’s long-term stability in the water-CO2 and dry CO2 
conditions, and resistance to high pressure gradient were also reported in this section.  
4.1. SWELLING BEHAVIOR OF CR-PPG IN WATER-ONLY CONDITION  
Like conventional preformed particle gels, CR-PPG can swell tens of times to its 
original volume. The swelling kinetics of CR-PPG in deionized water (DI water) and 1% 
NaCl solution are demonstrated in Figure 3a. In the figure, the VSR in both DI water and 
1% NaCl increased fast in the first 15 minutes. Then the increase became slower and the 
VSR stabilized after 120 minutes. The VSRs of CR-PPG stabilized at 11.3 in 1% NaCl and 
at 16.0 in DI water. The CR-PPG swelled more in DI water than in 1% NaCl because of 
the following equation, which indicated that the gel swelling ratio usually had an inverse 

















                                            (2) 
where 𝑞𝑚 is gel swelling ratio, i/v𝑢 is the concentration of fixed charge of polymer, 𝑆
∗ is 
the ion concentration in the solution, 𝑥1 relates to the quantity of the interaction energy, 𝑣1 
is the corresponding molar volume, and 𝜈𝑒 𝑉0⁄  is the effective number of chains divided by 





   
       a. Swelling kinetics                b. Volumetric swelling ratio and G’ (31st day) 
 
Figure 3. CR-PPG swelling behavior and elastic modulus in water. 
 
 
Figure 3b shows the VSR and G’ in DI water and 1% NaCl at the 31st day of 
swelling. In the figure, the VSR at 31st day equaled to the value at 180 minutes. The G’ of 
CR-PPG was approximately 2.8 KPa in 1% NaCl, compared to the sample with G’ of 2.2 
KPa in DI water. This difference of G’ was caused by the difference of salinity and swelling 
ratio.   
The swelling ratio and G’ of CR-PPG in solutions with different salinities and 
different temperatures are shown in Figure 4. The swelling lasted for 31 days. As shown in 
the left figure (Figure 4a), the VSRs of CR-PPG were 16.0, 14.0, 11.3, and 10.3 when NaCl 
concentrations were 0, 0.5%, 1%, and 3%, respectively. The trend also yielded Eq. (2) that 
the swelling ratio decreased with the salinity increase. At the same time, the G’ of swollen 
CR-PPG ranged from 2.2 KPa to 2.9 KPa. When the NaCl concentration increased from 0 
to 3%, the swelling ratio reduced by 35.9% of its original value and the G’ increased by 
31.9%. As shown in Figure 4b, the VSRs of CR-PPG changed in a small range from 11.3 
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to 11.5 when the temperature increased from 23 °C to 70 °C. The G’s all stabilized at 
around 2.7 KPa and largely overlapped each other. In the water-only condition, the salinity 
influenced swelling ratio and elastic modulus of CR-PPG, while temperature didn’t have 
an apparent effect on these properties.  
 
 
   
a. Salinity (23 °C, 31 days)                    b. Temperature (1% NaCl, 31 days) 
 




4.2. SWELLING BEHAVIOR OF CR-PPG IN WATER-CO2 CONDITION 
Figure 5 shows the swelling kinetics of CR-PPG in the water and water-CO2 
condition. In the figure, two curves with round markers show the swelling behavior in DI 
water and 1% NaCl solution respectively. The VSRs both stabilized from 120 min to 31 
days. The two curves with square markers show how the swelling ratio changed when CR-
PPG (fully swollen in water) was placed in a water-CO2 condition (1400 psi and 40 °C). 
According to the figure, the CR-PPG, which had reached its maximum VSR in water, 
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experienced an additional VSR increase in the water-CO2 condition. In the DI water-CO2 
condition, the VSR increased fast in the first 10 days. It slowed down and finally stabilized 
at 37.5 after approximately 21 days. In the presence of scCO2, the CR-PPG swelled to twice 
of the volume in water-only condition. The CR-PPG placed in 1% NaCl solution swelled 
slower but still obviously. The gel swelled to 19 times of its dry volume after 14 days, and 
8 times more than its VSR in brine. In both of the water-CO2 conditions, the CR-PPG’s 











The VSR and G’ of CR-PPG under the water-CO2 condition were tested with 
different salinities and temperatures as well. The results are shown in Figure 6. As shown 
in Figure 6a, the VSRs of CR-PPG ranged from 37.5 to 15.8 when concentrations of NaCl 
were 0, 0.5%, 1%, and 3%. The G’ were 1.5 KPa, 1.8 KPa, 2.0 KPa, and 2.2 KPa at the 
listed concentrations. In Figure 6b, the VSRs were 19.0, 19.0, and 19.3 at 40 °C, 60 °C, 
and 70 °C respectively. The G’s were around 2.0 KPa and overlapped each other. The 
swelling properties shown in Figure 6 had a similar trend compared with the ones in the 
water-only condition (Figure 4), where the salinity influenced the swelling ratio and G’, 
and the temperature of the water-CO2 condition did not have obvious impact on the VSR 
and G’.  
 
 
   
        a. salinity (1400 psi, 40 °C, 31 days)     b. temperature (1400 psi, 1% NaCl, 31 days) 
 






4.3. LONG-TERM STABILITY OF CR-PPG IN WATER-CO2 CONDITION  
As shown in Figure 5, the CR-PPG VSR stabilized from the 14th day under the 
brine-CO2 condition. However, the long-term stability is also crucial for whether the gel 
can be a favorable conformance agent in real field applications. The brine-swollen CR-
PPG was placed in the high-pressure vessels that maintained a water-CO2 condition at 1400 
psi and 40 °C. The VSR and G’ of CR-PPG after aging for one month, three months, and 
six months are shown in Figure 7. As shown in the figure, the VSR were 19, 19, and 19.3 
for the three time periods, respectively. The tested G’s were approximately 2.0 KPa and 
largely overlapped each other. The appearance of aged CR-PPG did not show an obvious 
difference from the newly prepared CR-PPG. It is believed that the stabilization of 
appearance, swelling ratio, and elastic modulus demonstrated a consistent property of the 




Figure 7. Swelling and G’ of CR-PPG after long-term aging in water-CO2 condition 
(1400 psi, 40 °C). 
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4.4. PLUGGING PERFORMANCE OF CR-PPG IN CO2 FLOODING  
The fully swollen CR-PPG was injected to the fractured core until the placing 
differential pressure reached 1000 psi. Then the scCO2 was injected to measure the 
breakthrough pressure and stable pressure, as described in procedure section. The 
differential pressure between the measurements at the two pressure sensors (P1-P2) is 




Figure 8. Differential pressure across the core during scCO2 floodings. 
 
 
During CO2 injection before shut-in, the differential pressure increased to 617.0 psi 
in the first 340 minutes. The stair-step pressure behavior was caused by the stable-pressure 
method. The aim of this method is to accurately detect the breakthrough pressure of placed 
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CR-PPG. At the breakthrough point, the differential pressure recorded at sensors would 
experience significant change - usually a fluctuation following by a significant drop. After 
340 minutes, the differential pressure significantly decreased with extrusion of fluid from 
the outlet. When the differential pressure was equal to or greater than the breakthrough 
pressure, some of packed gel particles started to move, which formed wormholes with 
considerable permeability (Wang and Bai, 2018). A large portion of the built pressure 
released with the forming of wormholes. Though wormholes were created in the packed 
CR-PPG, the remaining gel particles still performed a strong resistance to scCO2 flow. So 
the decrease slowed down at the late stage of the differential pressure drop, around 470 
minutes. The differential pressure stabilized at approximately 32.3 psi when scCO2 
injection rate was 1.75 mL/min. The stable pressures were about 23.1 psi, 15.9 psi, and 9.4 
psi at 1.25 mL/min, 0.75 mL/min, and 0.50 mL/min, respectively. The flow rates and stable 
differential pressure did not yield to a linear relationship. It is believed that the reasons for 
the non-linear relationship include: (1) the properties of scCO2, such as compressibility and 
viscosity, changed sensitively with the system pressure and temperature (Chu and Laurien, 
2016; Choi et al., 2017), (2) The wormholes in the packed CR-PPG might change during 
the injection.  
After a designated 3-day shut-in, scCO2 was re-injected to measure the 
breakthrough pressure and stable pressure at different flow rates. As shown in Figure 8, the 
differential pressure increased gradually to 437.2 psi in the first 290 minutes and was 
followed by a sharp drop. The pressure behavior indicates another breakthrough of the 
placed CR-PPG, which had been broken through in the first CO2 injection before the shut-
in. In the first injection, wormholes were created and might be even enlarged by the 
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continuous injection. The repeated breakthrough after the shut-in process showed that the 
formed wormholes were blocked. It is believed that the plugging of the wormholes was 
caused by the additional VSR increase, manifesting as volume expansion. The differential 
pressure stabilized at each injection rate, after the sharp decrease from 290 minutes to 370 
minutes. The stable pressures were 41.3 psi, 30.0 psi, 21.2 psi, and 14.7 psi for 1.75 mL/min, 
1.25 mL/min, 0.75 mL/min, and 0.50 mL/min, respectively.  
The residual resistance factor of the CR-PPG treatment was calculated for better 
characterizing its plugging performance to scCO2. Because the stable pressure and 
injection rate had a non-linear relationship in the post-gel scCO2 flooding, which was also 
reported by Taabbodi and Asghari (2004), the Frr was calculated at each injection rate, as 
the ratio of fractured core permeabilities before and after CR-PPG placement. The equation 





where 𝐹𝑟𝑟  is the residual resistance factor at a certain injection rate, 𝑘𝑝𝑟𝑒−𝑔𝑒𝑙 is the 
permeability of the fractured core before gel placement, and 𝑘𝑝𝑜𝑠𝑡−𝑔𝑒𝑙 is the permeability 
at a certain rate after gel placement. The differential pressure of scCO2 injection before 
CR-PPG placement could be extremely low, which was difficult to be measured accurately 
with available equipment (Choi et al., 2017). The 𝑘𝑝𝑟𝑒−𝑔𝑒𝑙  was calculated using the 




                                                          (4)
where 𝑏 is the fracture aperture in μm, which equaled 500 μm in this study. The estimated 
permeability of the fractured core was approximately 20800 Darcy. The comprehensive 
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permeability of the fractured core after gel placement was calculated using the stable 





                                                       (5)
where 𝑄 is the scCO2 injection rate, 𝐿 is the core length, and 𝐴 is the cross-sectional area 
of the whole core. The viscosity of scCO2, 𝜇, was around 0.02 cp at 1100 psi and 60 °C 
(Heidaryan et al., 2011; Choi et al., 2017). ∆𝑝 is the stable differential pressure at a certain 
rate. The calculated 𝑘𝑝𝑜𝑠𝑡−𝑔𝑒𝑙 and Frr are provided in Table 2.  
Table 2. Calculated post-gel permeability and residual resistance factor. 
Flow rate 
(mL/min) 







kpost-gel (mD) 0.887 0.748 0.868 0.873 




kpost-gel (mD) 0.532 0.570 0.665 0.696 







kpost-gel (mD) 0.998 0.748 0.997 0.999 




kpost-gel (mD) 0.499 0.461 0.623 0.595 







kpost-gel (mD) 0.665 0.704 0.739 0.931 




kpost-gel (mD) 0.333 0.324 0.444 0.517 
Frr (E+07) 6.253 6.426 4.690 4.020 
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The calculated Frrs are shown in Figure 9. The Frrs all had high values, which 
represented a favorable plugging performance of CR-PPG to scCO2 flow. To characterize 
the effect of the shut-in process on CR-PPG plugging performance, the residual resistance 
factor before and after shut-in are plotted in the same figure. As shown in Figure 9a, the 
Frrs after shut-in were higher than the ones before shut-in at all injection rates. The 
improvement of Frr indicated that the placed CR-PPG performed a better plugging 
performance to the scCO2 with the shut-in process. The plugging improvement was 
believed due to the additional VSR increase of CR-PPG during the shut-in where the 
environment switched from water-only to water-CO2 condition. In other words, the volume 
increase enabled the placed CR-PPG to fill the fracture to a higher level, thus, narrowed 
the wormholes and reduced the fracture permeability to a lower level. Similar relation 
between PPG plugging and its swelling ratio change in fractures was gained by 
Alhuraishawy et al. (2017). They reported that the fracture permeability decreased and 
residual resistance factor increased with the increase of placed PPG swelling ratio, which 
was caused by a low salinity water flooding.  
Experiments with a 5-day and 7-day shut-in are also conducted respectively. The 
Frrs at different injection rates before and after the shut-in are plotted in Figure 9b and 9c. 
The figures show that the Frr decreased after the shut-in, for each injection rate. Being 
consistent with what was shown in Figure 9a, it is confirmed that the shut-in process could 
improve the plugging performance of CR-PPG, especially from the aspect of residual 





   
                      a. 3-day shut-in                                                   b. 5-day shut-in 
 
 
c. 7-day shut-in 
 
Figure 9. Residual resistance factor of placed CR-PPG before and after shut-in. 
 
 
To investigate the effect of shut-in time length on the plugging performance, the 
Frr increase after the shut-in with three different lengths, are plotted in Figure 10. In the 
figure, the Frr increase shows an increasing trend with the shut-in time growth. The 
correlation of Frr increase and VSR is plotted in Figure 11. According to the swelling 
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kinetics of CR-PPG in a water-CO2 condition at 60 °C, the VSRs were 14.6, 16.5, and 18.4 
after swelling for 3, 5, and 7 days, respectively. In the figure, the increase of Frr raised with 
the VSR increase of CR-PPG, which was caused by the shut-in time extension. This finding 
confirmed that the CO2-responsive swelling behavior augmented the residual resistance 




Figure 10. Differential Frr with different shut-in time lengths. 
 
 
It is concluded that controlling shut-in time period could enhance the plugging 
performance of CR-PPG in scCO2 flooding processes, benefiting from the VSR increase. 
Moreover, the CO2-responsive swelling of CR-PPG can also benefit the placement process. 
Because the brine-swollen CR-PPG has smaller size compared with the same particles 
swollen in a water-CO2 condition. It is easier to propagate the smaller sized CR-PPG deep 
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to the fractures with less applied pressure gradient during injection (Seright, 2001; Imqam 
et al., 2017). When CO2 injection and designated shut-in processes were conducted, the 
CR-PPG can perform significant plugging in these filled fractures, benefiting from its CO2-
responsive swelling. In the current developing stage, the CR-PPG can reach a VSR of 10.5 
in 15 minutes in 1% NaCl, which raises a concern that the gel may swell faster than 
expected. To optimize the injectivity, it is suggested that the CR-PPG can be partially 
swollen by mixing dry gel with brine in limited volume that is insufficient for the gel to 
swell excessive times, thus, control the size of injected gel particles. In this situation, the 
partially swollen CR-PPG could swell more when it contacts with post-gel flooding water 
or formation water influx, and the VSR would experience another increase when the scCO2 




Figure 11. Correlation between differential Frr and VSR. 
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4.5. APPLICABILITY OF CR-PPG IN FIELD TREATMENTS  
In real CO2-flooding field applications, CR-PPG will meet challenges such as high 
pressure gradient, long-term exposure to water-CO2 or dry scCO2. Though it is difficult to 
build a complete field condition with the currently available instruments, the performance 
of CR-PPG under these challenges are analyzed respectively based on the experimental 
results.  
After all core flooding processes were completed, the fractured core was taken out 
from the core holder and disassembled to inspect the condition of placed CR-PPG. The 
appearance of placed CR-PPG before and after core flooding processes is shown in Figure 
12. According to the figure and laboratory observation, the appearance of placed CR-PPG 
did not show a visible difference from the newly prepared CR-PPG. No obvious color 
change, breaking down, or solidifying was found. Considering the differential pressure of 
1000 psi for placing the gel, it is believed that the CR-PPG maintained stable after exposure 
to a significantly high pressure gradient of 1904.8 psi/ft. A vessel experiment was 
performed by exposing the brine-swollen CR-PPG to dry scCO2 without any water, under 
a condition of 1400 psi and 40 °C for 31 days. The weight of the tested CR-PPG decreased 
5.1% of its original value. It is indicated that the CR-PPG could resist the dehydration by 
the dry scCO2, considering the measurement error that might be caused by water attached 





   
Figure 12. Appearance of CR-PPG before and after core flooding processes. 
 
 
Combining the long-term stability in the water-CO2 condition that was analyzed 
previously, the CR-PPG was stable under the conditions of high pressure gradient and long-
term exposure to water-CO2 or dry CO2.  
The experiments performed in this study focused on the CR-PPG treatment in the 
continuous scCO2 flooding, during which a shut-in step was scheduled to allow for the 
CO2-responsive swelling of CR-PPG. On the other hand, a water alternating CO2 injection 
or an injection of water-CO2 mixture would also provide the water-CO2 condition. 
However, if no shut-in process is performed in these floodings, the less controllable 
reacting environment, as well as the limited contacting time of gel particles and CO2 might 









 The volumetric swelling ratio of the CR-PPG, which has increased to its maximum 
in brine, had an additional increase in the water-CO2 condition to two times of its 
original value. The VSR reduced and the G’ increased with the increase of NaCl 
concentration in the water-CO2 condition. Under the same water-CO2 condition, 
the swelling temperature did not have an apparent effect on the final VSR and G’ 
after immersing for 31 days.  
 Breakthrough pressures of placed CR-PPG were 617.0 psi and 437.2 psi, before 
and after the shut-in process. After the breakthrough, the placed CR-PPG provided 
significant plugging to the continuous scCO2 flow, as revealed by the residual 
resistance factor greater than 2.0*107.  
 With a shut-in process, the placed CR-PPG plugged the high-permeability 
wormholes formed in the previous breakthrough and scCO2 flooding. The cause 
was the CO2-responsive swelling of CR-PPG under the water-CO2 condition.  
 The Frr of CR-PPG treatment increased after the shut-in process, which is believed 
to benefit from the CO2-responsive swelling. Additionally, controlling shut-in time 
length was found to be an effective approach for the Frr augment, by further 
increasing the volumetric swelling ratio of the placed CR-PPG.   
 Based on the experimental results and observation, the CR-PPG maintained stable 
for six months in the water-CO2 condition. It is also concluded that the CR-PPG 
can resist high pressure gradient and dry scCO2 in the experimental conditions. 
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However, more work is still needed to verify the applicability of CR-PPG in real 




VSR   = volumetric swelling ratio 
𝑉𝐴𝑓𝑡𝑒𝑟 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔   = volume of CR-PPG after a specific swelling process, mL 
𝑉𝐵𝑒𝑓𝑜𝑟𝑒 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔  = volume of CR-PPG before a specific swelling process, mL 
𝑞𝑚              = gel swelling ratio 
i/𝑣𝑢   = concentration of fixed charge of polymer 
𝑆∗   = ion concentration in the solution 
𝑥1   = a value relates to the quantity of the interaction energy 
𝑣1   = corresponding molar volume 
𝜈𝑒 𝑉0⁄  = effective number of chains divided by volume of unswollen 
polymer network 
𝑘𝑝𝑟𝑒−𝑔𝑒𝑙  = permeability of the fractured core 
𝑘𝑝𝑜𝑠𝑡−𝑔𝑒𝑙  = permeability of the fractured core after gel placement 
𝑏   = aperture of the fracture 
𝑄   = scCO2 injection rate 
𝐿   = length of core 
𝐴   = cross-sectional area of the whole core 
𝜇   = viscosity of scCO2 
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ΙV. EVALUATION OF OXIDIZING BREAKERS FOR A POLYACRYLAMIDE-
BASED RE-CROSSLINKABLE PREFORMED PARTICLE GEL 
ABSTRACT 
Re-crosslinkable preformed particle gel (RPPG) is a newly developed conformance 
control agent that can re-assemble as an integral after swelling in water. However, due to 
the stickiness and high elastic modulus of re-crosslinked RPPG, it has the potential to plug 
the injection facilities or cause formation damage when an operation or a treatment is not 
properly designed. This study focuses on selecting and evaluating the oxidizing breakers 
that can effectively degrade the RPPG. Bottle tests were conducted by immersing the re-
crosslinked RPPG bulk in the breaker solutions with designated parameters. The RPPG 
weight change was recorded with time in order to monitor the breaking process. Four types 
of oxidizing breakers, NaClO, Ca(ClO)2, heat-activated Na2S2O8, and NaOH-activated 
Na2S2O8 were examined. The effect of factors, including breaker concentration, 
temperature, RPPG concentration on the breaking rate and completeness was investigated. 
According to the results, three of breakers were proven effective, excluding the Ca(ClO)2, 
which could significantly impair the breaking process by generating a compact cover on 
the surface of RPPG. The NaOH-activated Na2S2O8 was the most effective breaker 
benefitting from its wide practical temperature range and effectiveness at conditions of low 
breaker concentration or high RPPG concentration. More generally, the RPPG breaking 
was faster and more complete when the breaker was in a higher concentration. With the 
temperature increase, the breaking process was accelerated. However, the increment of 
RPPG concentration was a challenge for the breakers, because it significantly increased the 
  
123 
breaking time and the percentage of residue weight to the RPPG original weight. In 
summary, this study aims at selecting the comprehensively applicable breaker for the re-
crosslinked RPPG, and reporting a specific breaker evaluation methodology for preformed 




Gel treatment is applied to combat excess water production and improve oil 
recovery. The placed gel can block or significantly reduce the permeability of fractures and 
high-permeability zones, in order to make the flooding processes more efficient.1-4 
However, gel placement may plug the injection facilities, or damage the formation by 
forming filter cake and invasion into the porous matrix.5-7 Gel breaker is a commonly used 
technology to solve these problems caused by the gels for conformance control. The 
breakers are also widely used for reducing the damage caused by viscosifying polymers or 
gels in fracturing fluids, and degrading the blocking gels for reducing fluid loss. The gel 
breakers can break down the high-viscosity polymers/gels or filter cake into less viscous 
materials.  
Oxidizing and enzyme breakers are two typical kinds of gel breakers.8 Enzyme 
breakers degrade the polymer to shorter fragments with lower molecular weight, by 
selectively breaking the specific links on the polymer. One enzyme breaker is usually 
specifically designed to react with a certain viscosifying material, including guar, cellulose, 
starch, and pectin polymers. According to the targets, they contain hemicellulose, cellulase, 
amylase, and pectinase, respectively.9, 10 For instance, a guar-linkage-specific enzyme 
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breaker was developed particularly for the guar polymer and was proven to be effective for 
both short- and long-term guar breaking.9 Enzyme breakers are reported sensitive to 
temperature and pH, though modifications have been done to expand their limitations.8, 11  
Oxidizing breakers can chemically cleave the polymer backbone into shorter 
fragments, thus, make it less viscous and easier to flush out. Hypochlorites, including 
sodium hypochlorite, lithium hypochlorite, and calcium hypochlorite, have been 
successfully used as gel breakers. Brian et al. found that the 5% lithium hypochlorite 
solution removed 76% of the filter cake formed by xanthan gum, starch polymer, caustic, 
and calcium carbonate at 60 °C.12 Persulfate is another widely used oxidizing breaker. It 
reacts with organic matter at a considerably low rate when being inactivated.13 However, 
certain activation with heat, alkaline, radiation, or transition metal ions can decompose the 
persulfate into high oxidative sulfate radicals and hydroxyl radicals, thus, significantly 
improve its breaking performance. Okromelidze et al. reported that the 2% ammonium 
persulfate solution could break 100% volume of a polysaccharide-based visco-elastic gel 
in 48 hours at a temperature above 50 °C.14 Albonico et al. stated that the hypochlorite was 
more effective than persulfate in a concentration between 10% and 12% for degrading gel 
filter cake.15  
The breakers for polyacrylamide or polyacrylamide-based gel were investigated in 
some literatures. The free radicals from oxidizing breakers can degrade the polyacrylamide 
by backbone chain scission mechanisms. Cooke reported that the residue of 
polyacrylamide was much less than cellulose and guar in volume when reacting with 
oxidizing breakers.16 Xiong et al. reported that the degradation of polyacrylamide by a 
synthetic flowback fluid that contained many organic chemicals, was affected significantly 
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by temperature, while the system pressure, salinity, and solution hardness had much less 
effect.17 Imqam et al. reported that a fully swollen polyacrylamide/polyacrylic acid 
preformed gel de-swelled and lost up to 95% of its solvent in a high-concentration 
hydrochloric acid.18   
A novel polyacrylamide-based re-crosslinkable preformed particle gel has been 
developed to plug the large void-space fractures, which is reported as a major cause of 
water channeling. The swollen RPPG particles can re-assemble to form an integral bulk, 
thus, achieve a better plugging performance.19 The swollen and re-crosslinked RPPG can 
potentially plug the injection facilities or damage the formation if a treatment is not 
properly designed, due to its tackiness and high elastic modulus. However, no existing 
research has focused on the breakers for RPPG. The goal of this study is to select and 
evaluate the oxidizing breakers for the re-crosslinked RPPG, with a method that uses the 
remaining weight change of the residue. Experiments were performed to investigate the 
effect of breaker concentration, temperature, gel concentration, and activator concentration 
on the breaking performance, to further optimize the gel breaking process design.  
 
2. EXPERIMENTAL MATERIALS 
 
Re-Crosslinkable Preformed Particle Gel (RPPG). The experimental RPPG sample 
was provided by Daqing Xinwantong Technology Developing Co., Ltd.. It is a crosslinked 
poly(acrylamide-co-acrylic acid) copolymer. The RPPG is a whitish particle at the dry 
condition. It swells in water and the volume can increase up to 39 times to its original dry 
volume. The separate swollen particles can re-crosslink into an integral after being aged 
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for 15 hours at room temperature when 5% (50,000 ppm) RPPG is swollen in 1% NaCl 
solution.19  
Oxidizing Breakers. The examined oxidizing agents include sodium hypochlorite 
(NaClO), calcium hypochlorite (Ca(ClO)2), and sodium persulfate (Na2S2O8). NaClO and 
Ca(ClO)2 were dissolved in deionized water respectively as two individual breakers. The 
other two breakers were Na2S2O8 activated by heat and sodium hydroxide (NaOH) in water 
solution.  
3. EXPERIMENT DESIGN AND PROCEDURES
Bottle tests were conducted to evaluate of breaking/degrading performance of 
examined oxidizing breakers. RPPG with a diameter ranging from 1 to 2 mm was swollen 
in 1% NaCl solution and was prepared into a 10 g slurry. The container was kept being 
shaken during the swelling, allowing the RPPG particles to swell uniformly. The swollen 
RPPG was sealed in a bottle and aged for 48 hours at room temperature, which was much 
longer than the re-crosslinking time.  
50 g water solution of NaClO, Ca(ClO)2, Na2S2O8 and Na2S2O8/NaOH in 
designated concentration were prepared and added to the bottle with RPPG. The re-
crosslinked RPPG was immersed in the breaker solution and was detached from the bottle 
wall, allowing the gel to contact breaker solution sufficiently during the reaction. It is worth 
noting that heat is released when some of the breakers dissolve in the water. So the breaker 
solutions were poured into the bottle after it returned to room temperature. Then the bottles 
were sealed and covered with light blocking materials. Because the re-crosslinked RPPG 
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is a bulky preformed gel with a high elastic modulus, it is not applicable to measure its 
viscosity before breaking. Thus, after certain time period, the residue was taken out from 
the bottle to measure the weight, after removing the free water with paper towel. The 
residue was weighed until the weight did not change with time.  
 
4. RESULTS AND ANALYSIS 
 
This section demonstrates and analyzes the results of re-crosslinked RPPG weight 
change in breaker solutions, which indicates the breaking performance of selected breakers. 
A comprehensive evaluation of the breakers was provided by studying the effect of breaker 
types, breaker concentration, temperature, RPPG concentration, and activator 
concentration on the breaking performance, respectively.   
4.1. RPPG BREAKING DESCRIPTION AND BREAKER TYPES  
Re-crosslinked RPPG is a strong and sticky bulky material. Its elastic modulus can 
reach up to 1000 Pa when the RPPG concentration is 5% at room temperature (RT, 23 °C). 
It is a concern that the swollen RPPG may plug the injection facilities, such as coiled 
tubings. The weight reduction and the residue condition of re-crosslinked RPPG is used to 
demonstrate the breaking/degradation level of RPPG in this study. In addition, these two 
indicators are representative for showing if the residual RPPG has a potential of plugging. 
The viscosity of the liquid components after reaction was not considered as a major 
indicator for RPPG breaking, because the viscosity of liquid after reaction was in a range 
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between 1.0 cP and 2.3 cP, which could not considerably contribute to plugging the 




Figure 1. Residue of RPPG after breaking with four types of breakers.  
 
 
The appearance of RPPG residue and the whole system after reaction is shown in 
Figure 1. The most left image shows the appearance of re-crosslinked RPPG, which is 
transparently whitish and hydrated. The images in the middle column display the residue 
of re-crosslinked RPPG after immersed in the breaker solutions for a time period. The 
breaker type, breaker concentration, immersing time, and temperature are listed in the 
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images. The temperature conditions except the C1 and C2 were all room temperature, 23 
°C. No extra pressure was added to the reacting system. The right column shows the residue 
of RPPG and the whole system in the bottles after 72 hours.  
In the image A1, the RPPG shrank and became less transparent after being 
immersed in 8% NaClO solution for 8 hours. Its weight decreased significantly with time. 
The RPPG lost 53% of its original weight in 8 hours and 92% in 72 hours. After 72 hours, 
the residue was a few pieces of white, thin but rigid flakes. The liquid part became whiter 
and cloudier than in the beginning, as shown in A2. The viscosity of liquid was around 2.1 
cP.  
The second row indicates the breaking performance of the other hypochlorite, 
Ca(ClO)2. As with NaClO, Ca(ClO)2 also broke the re-crosslinked RPPG as reducing its 
volume and weight. The RPPG maintained 46% of its original weight after 24 hours. 
However, it is noticed that the decrease significantly slowed down after 24 hours. A 
compact white cover formed on the surface of RPPG residue. It is observed that the RPPG 
remained inside the white cover was still relatively hydrated when the cover open was cut 
open, as shown in B1. To test whether the cover caused the breaking process deceleration, 
the residue with a cut-open cover was submerged back into the breaker solution. After 
another 48 hours, the hydrated RPPG was degraded and only white cover was left. The 








Figure 2. (A) SEM image and (B) EDS results of the white cover formed on the RPPG in 
Ca(ClO)2 solution.  
 
 
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
technologies were used to analyze the composition of the white cover. Figure 2 provides 
the results of SEM and EDS test. Figure 2A show that the cover has a compact 
microstructure. Because the free radicals released from oxidizing breakers were the major 
component that could degrade the gel, it is believed that during the immersing, the compact 
cover significantly reduced the penetration of free radicals to contact with the undegraded 
RPPG, thus, weakened the breaking effect.17 The EDS result provides the elements 
information of the white cover, where the Ca, Cl, C, and O had larger portions compared 
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with other elements. It is believed that the white cover was mainly composed of CaCO3 
and the reaction formula is provided in following Eq. 1. The Ca(ClO)2 reacted with the 
H2O and CO2 that were generated by the degradation of polyacrylamide.
20 Therefore, the 
generated CaCO3 attached tightly to the RPPG surface and formed the white cover.  
𝐶𝑎(𝐶𝑙𝑂)2 + 𝐶𝑂2 + 𝐻2𝑂 → 𝐶𝑎𝐶𝑂3 + 2𝐻𝐶𝑙𝑂                                (1) 
The third and fourth breakers are 6% sodium persulfate activated by temperature 
(65 °C) and sodium hydroxide, respectively. The residue appearance is shown in the third 
and fourth rows of Figure 1. In C1, the re-crosslinked RPPG shrank to several thick pieces 
and became yellowish. When the breaking time reached the 72 hours, there were some 
yellowish pieces of residue and precipitation left in the bottle. The residue was soft and 
could be easily flushed by water. The RPPG maintained 71% and 13% of its original weight 
after 8 hours and 72 hours, respectively. The NaOH-activated Na2S2O8 had the most 
distinct breaking performance. The concentrations used in D1 and D2 were 6% Na2S2O8 
and 12% NaOH. When being immersed in the breaker solution, re-crosslinked RPPG 
started to become soft in the first hour, and became increasingly softer with time. The 
RPPG still appeared hydrated but lost large portion of its weight and volume, according to 
D1. The gel lost over 95% of its weight in 8 hours, and lost almost 100% in 72 hours. As 
shown in D2, RPPG residue was some extremely fine precipitation that could not be picked 
up from the bottle, and the solution system became cloudy. The viscosity of the whole 
system was approximately 2.1 cP.   
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4.2. EFFECT OF BREAKER CONCENTRATION ON RPPG BREAKING 
In field applications, an excessively high concentration of breaker can cause 
uneconomical waste and hazard to both environment and workers.21 Oppositely, an 
excessively low breaker concentration, which may be caused by the dilution by formation 
water or an inappropriate design, may cause unfavorable growth of breaking time and 
incapacity to break the gel. So the breaker solution concentration is a crucial parameter for 
designing a gel breaking treatment. Different breaker types and concentrations were tested 
for breaking the re-crosslinked RPPG in bottle tests. The RPPG weight change, represented 
by remaining percentage, with immersing time was plotted in Figure 3 and Figure 4. The 
RPPG weight remaining percentage (WRP) is defined in the following Eq. 2: 
𝑅𝑃𝑃𝐺 𝑊𝑅𝑃 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑅𝑃𝑃𝐺 𝑎𝑓𝑡𝑒𝑟 𝑎 𝐶𝑒𝑟𝑡𝑎𝑖𝑛 𝐼𝑚𝑚𝑒𝑟𝑠𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑅𝑃𝑃𝐺
∗ 100%               (2) 
 
 
   






The tests shown in Figure 3 were conducted to investigate the effect of hypochlorite 
breakers concentration on their breaking performance at room temperature. In Figure 3A, 
NaClO solutions with concentrations ranging from 2% to 12% were tested. The breaking 
process was faster when NaClO had a higher concentration, manifested as a greater 
decreasing slope in the first 8 hours. For 2% NaClO, the decrease of WRP evidently slowed 
down from the 24th hour and stabilized at around the 96th hour. 36% of RPPG’s original 
weight remained after 168 hours, and a shrunken bulky residue was left in the solution. The 
stable WRP decreased with the increment of NaClO concentration. When the NaClO 
solution had a concentration over 8%, the WRP was less than 5% after 96 hours, which 
was a favorable residue weight percentage for the breaking process. According to Figure 
3B, the concentration of Ca(ClO)2 had the similar impact on its breaking performance 
compared with NaClO. The WRP decreased faster when the Ca(ClO)2 had a higher 
concentration especially in the first 18 hours. Then the curves started to become flat and 
stabilized after 144 hours. However, the RPPG WRP was 15% after 168 hours immersing 
in 12% Ca(ClO)2 solution, while the 12% NaClO solution could reduce the WRP to 3% 
during the same time period. Though the Ca(ClO)2 and NaClO had the similar weight 
percentage of hypochlorite ion, NaClO could break the re-crosslinked RPPG more 
completely than Ca(ClO)2 when they were in the same concentration.  
The breaking performance of sodium persulfate activated by heat and NaOH is 
demonstrated in Figures 4A and 4B. As shown in Figure 4A, the breaking process was 
faster when Na2S2O8 had a higher concentration, especially in the first 24 hours. Then the 
curves started to stabilize from the 48th hour. The stable WRP decreased with the increase 
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of breaker concentration. For instance, the WRP for 2% Na2S2O8 was approximately 18%, 
and the WRP for 10% Na2S2O8 stabilized at 4% after 168 hours.  
 
 
   
Figure 4. Effect of breaker concentration on breaking process: (A) Na2S2O8 activated at 
65 °C and (B) Na2S2O8 activated by NaOH.  
 
 
Results of NaOH-activated Na2S2O8 with concentrations ranging from 2% to 6% 
were plotted in Figure 4B. To unify the proportion of NaOH concentration to Na2S2O8 
concentration in the breaker, NaOH had twice the concentration to the Na2S2O8 in listed 
experiments. In the figure, breaker solution with a higher Na2S2O8 concentration decreased 
the WRP faster in the first 96 hours. Then the WRP values became fixed in all the five 
curves and were below 5%. All curves kept a significantly high slope until the WRP 
decreased to 5% in the first 96 hours. Notably, for 6% Na2S2O8 and 12% NaOH, the RPPG 
WRP dropped to 5% in 4 hours, which was a considerably fast breaking process. For the 
2% Na2S2O8 and 4% NaOH, shown in Figure 4B, the WRP increased to 135% in the first 
hour. This was because the RPPG was initially partially swollen and it swelled more when 
being immersed in water even after re-crosslinking. Tests were conducted by immersing 
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the re-crosslinked RPPG in 12% NaOH solution without Na2S2O8, in order to probe the 
impact of NaOH individually on RPPG. The re-crosslinked RPPG swelled more and 
increased its weight and volume, which also happened in deionized water without NaOH. 
The weight change of RPPG was examined for 168 hours, but no reduction of WRP was 
found. However, along with the weight and volume increase, the re-crosslinked RPPG 
became significantly soft with NaOH. Though the NaOH did not reduce the weight of 
RPPG individually, the softening effect might accelerate the breaking process of re-
crosslinked RPPG.  
4.3. EFFECT OF TEMPERATURE ON RPPG BREAKING  
Temperature is reported to significantly affect the degradation of polyacrylamide 
by some organic chemicals. The polyacrylamide was cleaved into less molecular-weight 
fragments and the degradation was faster when temperature increased.17 Experiments were 
performed to investigate the effect of temperature on the RPPG breaking performance of 
the aforementioned breakers. The correlation between RPPG weight remaining percentage 
and immersing time under the impact of temperature was plotted in Figure 5 and Figure 6.  
Existing researches have not drawn a clear conclusion about how the temperature 
impacted the oxidizing power of hypochlorites. Though the temperature can usually 
accelerate reaction, the hypochlorite is also stated to decompose faster at higher 
temperature, which weakens its oxidizing power at the same time.22, 23 In Figure 5A, the 
WRP of re-crosslinked RPPG reduced significantly faster in the first 24 hours with the 
increase of temperature. The WRPs stabilized in a range from 0 to 3%. As shown in Figure 
5B, the increase of temperature also accelerated the breaking process in the first 24 hours. 
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Notably, after 168 hours, the WRP was 14% at room temperature, and it was 7% when the 
temperature increased to 80 °C. Therefore, it could be concluded that the increase of 
temperature accelerated the breaking of RPPG by sodium and calcium hypochlorite. 
Additionally, the Ca(ClO)2 became an effective breaker to reduce the residue weight under 








   
Figure 6. Effect of temperature on breaking process: (A) 6% Na2S2O8 and (B) 6% 
Na2S2O8 activated by 12% NaOH.  
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The RPPG breaking results of sodium persulfate impacted by temperature change 
are plotted in Figure 6. The Na2S2O8 shown in Figure 6A was activated by heat 
individually, and in Figure 6B, it was activated by both NaOH and heat. According to 
Figure 6A, the breaking process was significantly accelerated when the temperature 
increased from 23 °C to 80 °C. It is known that the persulfate reaction rate with organic 
matter is considerably low at a low temperature. However, the reaction becomes faster and 
efficient when the system temperature increases. It is reported that the energy input by 
temperature that is higher than 50 °C can activate the persulfate by generating the high-
oxidizing-power sulfate radicals (SO4˙-).13, 24 The curve representing 23 °C in Figure 6A 
increased in first 24 hours because of the swelling of RPPG. Then it slightly decreased in 
the following 72 hours and the WRP stabilized at approximately 137%. The reduction was 
caused by the slow reaction between sodium persulfate and RPPG at room temperature. 
When the temperature was higher, the final WRP was 12% at 40 °C, 6% at 65 °C, and 2% 
at 80 °C. It is believed that the higher temperature both activated the Na2S2O8 and improved 
the reaction rate, thus it significantly accelerated the breaking process. As shown in Figure 
6B, the increase of temperature accelerated the breaking obviously in the first 2 hours. The 
stable WRPs were 7% and 3% at 23 °C and 80 °C, respectively. Though the Na2S2O8 
activated only by NaOH was considerably effective, the higher temperature further 
improved the rate of breaking.  
Based on the above results, both temperature and NaOH can be efficient for 
breaking the RPPG to a favorable remaining weight. Whether to use NaOH as an activator 
largely depends on the application temperature. When the temperature was below 40 °C, 
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where the Na2S2O8 is not efficient for the breaking, either NaOH or hot water can be 
brought in to achieve a better breaking process.  
4.4. EFFECT OF GEL CONCENTRATION ON RPPG BREAKING 
The preformed gel that leads to plugging issue in injection facilities or fractures 
usually have various concentrations. One major cause is that the preformed gel may be 
partially swollen before injection in order to gain a higher gel strength (elastic modulus). 
Another cause is that the gel accumulates and dehydrates during the injection or 
propagation, thus increases its concentration.7 Conventional preformed gel will swell to its 
maximum swelling capacity with sufficient solvent. However, the partially swollen RPPG 
can only increase its swelling ratio slightly after re-crosslinking. Therefore, the initial 
RPPG concentration is an important factor for the breaking process. Experiments were 
conducted to investigate the effect of RPPG concentration on the performance of the 
oxidizing breakers. Four concentrations were used for preparation of RPPG: 20%, 10%, 
5%, and 3.6%. It is worth noting that the RPPG was fully swollen in 1% NaCl solution at 
3.6%. The RPPG breaking results were plotted in Figure 7 and Figure 9.  
As shown in Figure 7A, for the higher RPPG concentrations, 20% and 10%, the 
WRP increased in the first 2 hours due to the additional swelling of re-crosslinked RPPG. 
Then the WRP decreased in the following hours, where the breaking of NaClO became 
more dominate than the swelling. After 168 hours, the stable WRPs were 91% and 53% 
for the two RPPG concentrations, respectively. The WRPs were in favorable values and 
left a RPPG chunk in a considerably weight. When the gel concentration was lower, the 
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swelling became less noticeable compared with the breaking, and the RPPG became easier 
to break. For 5% and 3.6%, both of the WRPs reduced to below 5% in 96 hours.  
 
 
    
Figure 7. Effect of RPPG concentration on breaking process: (A) 8% NaClO and (B) 
10% Ca(ClO)2.  
 
 
For 10% Ca(ClO)2 shown in Figure 7B, the curves also indicate a increasing 
breaking rate when the concentration of RPPG decreased from 20% to 3.6%. The final 
WRPs were 190%, 54%, 14%, and 6% with RPPG concentrations as 20%, 10%, 5%, and 
3.6%, respectively. It is noticed that the final WRP with 20% RPPG concentration 
increased to around twice of its original weight. The appearance of the residue is shown in 
Figure 8. A thick layer of white cover was found on the surface of shrunk RPPG, which 
was especially notable after cutting the bulky residue into halves, which is shown in Figure 
8B. As discussed previously, the white cover with a compact microstructure could weaken 
the penetration of free radicals to react with undegraded RPPG. However, according to the 
result, water could still penetrate the cover and be absorbed by the partially swollen RPPG. 
When the RPPG concentration decreased to 10% or lower, the breaking behavior of 
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breakers became faster and apparent. Though the slow swelling behavior still existed, the 
comprehensive WRP changing trend was decreasing in 168 hours.  
Concern was raised that whether the unfavorable breaking performance was caused 
by the insufficiency of dissolved NaClO and Ca(ClO)2 for degrading the RPPG with high 
concentrations. Experiments were performed using breaker solutions that had the same 
breaker concentration but twice of the total volume, to break the 20% and 10% RPPG. The 
WRP results were largely consistent with those plotted in Figure 7. Therefore, the 
incomplete breaking processes were not caused by the insufficiency of oxidizing agents.  
Figure 8. Residue of re-crosslinked RPPG (20%) in 10% Ca(ClO)2 solution: (A) residue 
and (B) residue after cutting into two halves.  
The RPPG breaking results with Na2S2O8 were shown in Figure 9. In Figure 9A, 
the weight of 20% RPPG doubled in the first hour. The WRP decreased significantly in the 
following 71 hours and became stable at 25%. The residue was transparently yellowish and 
soft. Similar trends were gained for RPPG of other concentrations – the weight of re-
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crosslinked RPPG increased in the first hour and then decreased to stabilization. Consistent 
with the hypochlorites, when the RPPG concentration decreased, the breaking process 
became faster and the stable WRP was lower. As shown in Figure 9B, the WRP of 20% 
RPPG increased to 190% in 18 hours and then reduced gradually to 2% in following 126 
hours. When the RPPG had lower concentrations, the breaking process became faster. The 
final WRPs for the four RPPG concentrations were all below 5%. Compared with 
previously discussed breakers, the NaOH-activated Na2S2O8 could more effectively break 
the re-crosslinked RPPG with a high gel concentration, though longer breaking time was 
needed when the RPPG concentration was higher.  
 
 
    
Figure 9. Effect of temperature on breaking process: (A) 6% Na2S2O8 at 65 °C and (B) 
6% Na2S2O8 activated by 12% NaOH.  
 
 
4.5. OPTIMIZATION OF NaOH-ACTIVATED Na2S2O8.  
In previous results and analysis, NaOH-activated Na2S2O8 was proven efficient for 
breaking the re-crosslinked RPPG with various gel concentrations at a wide range of 
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temperature. However, the examined concentrations of Na2S2O8 and NaOH all had a ratio 
of 1:2. Due to the high cost and potential hazard of NaOH, more work was needed to 
properly reduce the proportion of NaOH. In other words, the breaker will be optimized by 
using NaOH with a lower concentration to activate the Na2S2O8 with a fixed concentration. 
Na2S2O8/NaOH solutions with concentration combinations of 6%+6%, 6%+8%, 6%+10%, 
and 6%+12% were tested for breaking the 5% re-crosslinked RPPG at room temperature. 
The results are shown in Figure 10.  
Figure 10. Breaking performance of Na2S2O8/NaOH in multiple concentration 
proportions.  
As shown in Figure 10, it is noticed that the breakers with a higher NaOH 
proportion reduced the WRP of RPPG faster, especially in the first 24 hours. Additionally, 
it took 4 hours for the 1:2 Na2S2O8/NaOH combination to reduce the WRP to 5%, while 
the time needed for concentrations ratio of 1:1.67, 1:1.33, and 1:1 were 24 hours, 72 hours, 
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and 96 hours, respectively. It can be concluded that a higher NaOH to Na2S2O8 
concentration ratio led to a faster RPPG breaking process. This observation is consistent 
with the conclusion that the increase of NaOH concentration will improve the rate of 
persulfate decomposition into high-oxidative radicals, thus increase the oxidizing power of 
the breaker.13 However, a lower NaOH proportion is also effective for removing the plug 
of re-crosslinked RPPG when the breaking time requirement is not restrict.  
To further reduce the breaker cost and eliminate the safety concerns, lower 
concentrations were tested for the Na2S2O8/NaOH combination with a concentration ratio 
of 1:2. The tested Na2S2O8 concentrations included 0.25%, 0.5%, 1%, 2%, 3%, 4%, 5%, 
and 6%. The breaking results are plotted in Figure 11.  
Figure 11. Breaking performance of Na2S2O8/NaOH with a wider concentration range. 
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According to Figure 11, most of the curves followed a similar behavior: the WRP 
incremented in up to 24 hours, and then gradually dropped to low levels. It is consistent 
with the previous conclusion that the WRP decreased faster with a higher breaker 
concentration. Notably, all tested breakers could reduce the WRP to 5% or even lower. 
With the decrease of breaker concentration, the time to reduce the WRP to 5% extended. 
For instance, the WRP reduction took 192 hours and 216 hours when the Na2S2O8/NaOH 
had concentrations of 0.25%/0.5% and 0.5%/1%, respectively.  
Based on above results, the NaOH-activated-Na2S2O8 breaker has a significant 
advantage compared with other breakers that it can effectively break the re-crosslinked 
RPPG at low concentrations, which could due to the dilution by formation water during 
the application.  
4.6. SUMMARY OF TESTED BREAKERS 
The goal of this study is to select the proper oxidizing breakers for breaking the re-
crosslinked RPPG. However, each breaker has its characteristics according to the research. 
To provide a criteria for the breaker selection and breaking process design, a 
comprehensive summary is given in Table 1, based on the results gained from previous 
subsections.  
In Table 1, the second column lists whether the breaker with a concentration equal 
to or lower than 8% could reduce the WRP of 5% RPPG to 5% at 23 °C, which is defined 
as the basic requirement for a RPPG breaker. Excluding Ca(ClO)2, the other three breakers 
were classified as the applicable oxidizing breaker for re-crosslinked RPPG. The desired 
temperature range was reported in the third column. As shown in Figure 6A, the Na2S2O8 
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requires a temperature ranging from 65 °C to 80 °C to effectively break the RPPG. 
According to other literature, the presumable minimum temperature for activating Na2S2O8 
is 50 °C.13 The effectiveness to break concentrated RPPG and effectiveness at a low 
concentrations were provided in the fourth and fifth columns. The NaOH-activated 
Na2S2O8 is the only candidate that was practical for both situations.  
 
 
Table 1. Summary of evaluated breakers.  
Breaker type 
Being able to reduce 5% 
RPPG WRP to 5% at 23 °C (at 










NaClO Yes 23 °C - 80 °C Poor Poor 
Ca(ClO)2 No 23 °C - 80 °C Poor Poor 
Heat-activated 
Na2S2O8 
Yes 65 °C - 80 °C Fair Poor 
NaOH-activated 
Na2S2O8 
Yes 23 °C - 80 °C Good Good 
 
 
However, the effectiveness and application condition are not the only decisive 
factors. Issues including cost, storage, and safety also need to be considered. The cost could 
be a drawback for Na2S2O8 activated by NaOH, considering the NaOH can increase the 
expense of a breaking application.  
This study mainly focuses on the performance of oxidizing breaker to reduce the 
weight of re-crosslinked RPPG. This performance is critical for the RPPG-plugging 
removal in injection facilities and void-space fractures. However, if a breaking application 
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is designed for the damage remediation of porous formation, more relevant work including 




 Among the examined oxidizing breakers, NaOH-activated Na2S2O8 is the most 
effective candidate. Its practical temperature range was from 23 °C to 80 °C 
according to the tests. The NaOH-activated Na2S2O8 was effective under the 
conditions that the RPPG had a concentration up to 20% or the breaker 
concentration as low as 0.25%/0.5%.  
 Ca(ClO)2 is an ineffective breaker candidate for re-crosslinked RPPG, because a 
layer of compact cover, which significantly decelerated the breaking process, was 
generated on the surface of gel bulk during the reaction. Additionally, it did not 
break the RPPG to a low remaining weight percentage when being applied at low 
concentrations or to high-concentration RPPG.  
 The breaking process became faster for all tested breakers with breaker 
concentration increment. At a higher breaker concentration, the RPPG was 
degraded more completely, manifesting as the reduction of final RPPG WRP.  
 The temperature increase accelerated the breaking process and reduced the RPPG 
weight remaining percentage. The increase of RPPG concentration is a challenge 
for the breakers. It significantly decelerated the breaking process and increased the 
weight percentage of RPPG residue.  
  
147 
 The concentration ratio of Na2S2O8/NaOH is crucial to the Na2S2O8 breaking 
performance. The breaker became more effective when NaOH was in a higher 
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SECTION 
3. CONCLUSIONS AND RECOMMENDATIONS
3.1. CONCLUSIONS 
In summary, the objectives listed in the introduction section have been achieved: 
the placement and plugging behaviors of three types of PPG in fractures were investigated, 
two newly developed PPG product was evaluated, and the oxidizing breakers for RPPG 
was selected. Based on the studies in papers more precise conclusions were drawn and 
listed as following.  
Paper Ι 
 In partially open fractures (POFs), the PPG injection pressure increased fast and
could reach any value swiftly.
 In POFs, post-gel water flooding reached a pressure peak, which was termed
breakthrough pressure, and then stabilized at a lower value.
 After water breakthrough, the tight packing of PPG, gel filter cake, and gel invasion
simultaneously performed a considerable resistance to water flow.
 PPG was dehydrated by the pressure difference between the fracture and porous
matrix. The dehydration level was independent of location inside a fracture except
the entrance.
Paper ΙΙ 
 PPG placement volume in FV was independent of fracture length. On the contrary,
less FV of PPG was needed to reach 1000 psi when the POF has a greater height.
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 The increase of matrix permeability and absence of residual oil led to the increment 
of PPG placement volume in FV.  
 The average dehydration level of PPG in POFs positively related to the placement 
volume in FV.  
 The increase of fracture length and matrix permeability and the absence of residual 
oil resulted in lower residual resistance factors. In contrast, the POF height did not 
show an obvious effect on the Frr to water. 
Paper ΙΙΙ 
 The CR-PPG, which was fully swollen in water, gained additional volumetric 
swelling ratio with the presence of CO2. 
 Breakthrough pressures of placed CR-PPG were 617.0 psi and 437.2 psi before and 
after the shut-in process. After the breakthrough, the placed CR-PPG still provided 
significant plugging to the continuous scCO2 flow.  
 A designated shut-in process optimized the plugging performance of CR-PPG, as 
revealed by the increase in residual resistance factor. In addition, controlling the 
shut-in time period could further increment the Frr.  
 The CR-PPG maintained stable for six months in a water-CO2 condition. It is also 
concluded that the CR-PPG can resist high pressure gradient and dry scCO2 under 
the experimental conditions. 
Paper ΙV 
 NaOH-activated Na2S2O8 has a practical temperature ranging from 23 °C to 80 °C. 
It was effective under the conditions that the RPPG had a concentration up to 20% 
or the breaker concentration was as low as 0.25%/0.5%.  
  
152 
 Ca(ClO)2 is an ineffective breaker candidate for RPPG, because it could generate a 
compact cover on the surface of gel, which significantly decelerated the breaking. 
 The breaking process became faster and more complete for all tested breakers with 
a breaker concentration increment.  
 The temperature increase accelerated the breaking process and reduced the RPPG 
weight remaining percentage. The increase of RPPG concentration significantly 
decelerated the breaking process and increased the weight percentage of RPPG 
residue.  
3.2. RECOMMENDATIONS 
The PPG filter cake formed in fractures plays an important role in the water 
plugging of a PPG treatment. Usually, it is believed that the PPG cake and PPG pack 
performed the plugging simultaneously. However, some results, especially in the partially 
open fractures, suggest that the PPG cake could be the much more dominate factor. It is a 
significantly valuable topic to study how much the cake can determine the plugging of a 
PPG treatment.  
The breakthrough pressure and stable water injection pressure are used to quantify 
the plugging performance of PPG. By comparing the experiments, a higher breakthrough 
pressure is usually followed by a relatively higher stable water injection pressure. 
Therefore, these two values may have intrinsic connections between them. Numerical 
models are suggested to build by summarizing the pressure data.  
The final goal of a PPG treatment in petroleum industry is to enhance the oil 
recovery. However, the EOR performance of specific PPG (CR-PPG and RPPG) products 
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in fractures for has not been studied in details. More studies and experiments are suggested 
to be performed focusing on the oil recovery. How the factors, including PPG product type, 
PPG strength, PPG size, fracture geometry, and adjacent matrix properties, influence the 
oil recovery enhancement is worth investigating.  
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